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A threshold for the production of two fluorescence bands in CdS under electron bombardment at —196°C 
has been observed at 290 kev. This corresponds to a maximum energy transfer of 7.3 ev to the cadmium 
atom. The fluorescence bands produced are at about 6050 A and 1.03 fx. An overlay experiment in which 
cadmium atoms diffused into the CdS lattice in interstitial positions produced the 6050 A band which is 
therefore believed to be a result of cadmium interstitial atoms. The 1.03 y band is believed to be a result 
of cadmium vacancies. This latter band can also be produced by heating undoped CdS crystals to 200°C 
in air, argon or vacuum. 

INTRODUCTION 

THE growth of CdS crystals by the vapor deposition 
method1,2 at high temperatures results in crystals 

of questionable stoichiometry. Methods for analysis 
for stoichiometry are difficult, tedious, and insensitive. 
The various defects—sulfur and cadmium vacancies and 
interstituals—are probably the centers for several of 
the self-activated fluorescence bands in this material. 
It is therefore of great interest to determine which 
fluorescence bands in CdS are a result of sulphur and 
cadmium interstitials and vacancies, respectively. 

Displacement of an atom from its lattice point by 
electron bombardment offers a unique and controllable 
means of producing vacancy-interstitial pairs of the 
host atoms of a crystal. For a compound such as CdS, 
where the atomic weights of the constituents are greatly 
different, it should be possible to observe two distinct 
thresholds for displacements, one at a lower energy 
representing displacement of the lighter element and 
another at a higher energy representing displacement 
of the heavier element. Kulp and Kelley3 have observed 
a threshold for displacement in CdS at 115 kev. Bom­
bardment by electrons above this energy produces two 
fluorescence bands at liquid nitrogen temperature. 
One band at about 7200 A is attributed by these 
authors and others4 to the presence of sulfur vacancies, 
the other, green edge emission, to the presence of 
sulfur interstitials. 

The electron energy necessary to displace the 
cadmium atom should be about three and one half 
times that to displace the sulphur atom if the displace­
ment energies are the same.5 

EXPERIMENTAL 

The crystals used in these experiments were "pure" 
crystals. Spectrograph^ analysis showed maximum 
impurities to be 5 ppm of Si and 1 ppm of Mg in some 

i R. Frerichs, Phys. Rev. 72, 594 (1947). 
2 D. C. Reynolds and S. J. Czyzak, Phys. Rev. 79, 543 (1950). 
3 B. A. Kulp and R. H. Kelley, J. Appl. Phys. 31, 1957 (1960). 
4 A. A. Vuylsteke and Y. T. Sihvonen, Phys. Rev. 113, 40 

(1959). 
5 F. Seitz and J. S. Koehler, Solid-State Physics, edited by F. 

Seitz and D. Turnbull (Academic Press, Inc., New York, 1956). 

samples. No other impurities were detectable. The 
crystals were cleaved from large single crystals and 
were "thick," that is, the thickness of the crystals 
were greater than the maximum range of. the electrons. 
The electron bombardments were carried out in air or 
in vacuum with a Van de Graaff type accelerator at a 
dc level of irradiation of 2 to 5 /xa/cm2. The C axis of 
the crystal was perpendicular to the electron beam. 

The fluorescence measurements were made either 
with a Bausch and Lomb grating monochrometer or a 
glass prism monochrometer with a PbS detector. For 
exciting fluorescence with band gap light a Sylvania 
100-watt concentrated arc lamp was used with a 
Corning type 9782 filter to isolate the spectral region 
near the CdS absorption edge. 

Two separate experiments were performed using the 
electron beam to excite the fluorescence of the CdS 
crystals. The first was with the crystal at liquid nitrogen 
temperature, the second with the crystal at room 
temperature. For the low temperature bombardment 
the crystals were cemented to a copper cold-finger 
below a liquid nitrogen Dewar with a conducting 
cement (General Cement Silver Print) and bombarded 
inside the vacuum chamber of the accelerator. For 
the room temperature experiments, the crystals were 
bombarded in air. 
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FIG. 1. Fluorescence spectrum of CdS at — 196°C under electron 
bombardment 250 kev 5 jua/cm2, (1) initially, (2) after 2X1016 

electrons/cm2, 
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FIG. 2. Fluorescence spectrum after 2X1017 electrons/cm2 at 
300 kev. Electron excitation at — 196°C. (1) before warming, 
(2) after warming to 20°C then cooling again to — 196°C. 

Data and Results 

a. Bombardment at Liquid Nitrogen Temperature 

Figure 1 shows the fluorescence spectrum at liquid 
nitrogen temperature under excitation by 250-kev 
electrons at 5 /xa/cm2. As bombardment is continued 
for about 2X1016 electrons/cm2 one observes the dotted 
curve of Fig. 1. Further bombardment at 250 or 275 
kev for as long as 5X1017 electrons causes no further 
change in the intensities of the 1.03/* and 6050A 
fluorescence bands. The 7200 A band continues to 
decrease in intensity as bombardment continues and 
the green edge emission band increases in intensity. If 
the crystal is warmed to 20°C and cooled again to 
nitrogen temperature, the fluorescence returns to the 
original curve except the 7200 A band is decreased in 
intensity depending on the amount of bombardment. 
If the electron beam energy is raised to 300 kev after 
this initial bombardment, the band at 1.03 ju and the 
bands at 6050 A and 5200 A increase in intensity with 
bombardment. The 7200 A band continues to decrease 
in intensity. If the electron beam energy is lowered to 
275 kev again, the fluorescence intensity of the 1.03M 
and the 6050 A bands remain constant for as long as 
1018 electrons/cm2. The 7200 A band continues to 
decrease in intensity however. Figure 2 shows the 
fluorescence spectrum after bombardment at 250 kev 
followed by 2X1017 electrons/cm2 at 300 kev. (Compare 
to curve 2, Fig. 1.) The effect of warming to room 
temperature after bombardment at nitrogen tempera­
ture and cooling again is shown in Fig. 2, curve 2. 
Subsequent bombardment at 250 kev restores the 
fluorescence to about 75% of its intensity before 
warming. This latter phenomenon appears to be the 
result of two mechanisms (1) a redistribution of the 
electrons over the existing levels and (2) an actual 
annealing of some of the radiation damage. In other 
experiments the intensities of the 1.03/* band and the 
6050 A and the 5200 A bands were increased by bom-
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bardment at 350 and 500 kev while only the 5200 A 
band increased in intensity at 250 and 275 kev (after 
an initial bombardment of 1016 electrons/cm2). The 
7200 A band always decreased in intensity when the 
fluorescence was excited by the electrons. 

b. Bombardment at Room Temperature 

The crystals used in part "a"'oi this paper showed no 
evidence of the 1.03 /* band when observed at room 
temperature under either band gap light or electron 
excitation. The fluorescence observed at 20°C was 
rather intense with a maximum at about 7400 A and a 
smaller unresolved band at about 6950 A.6 Under 
electron excitation these bands steadily decrease in 
intensity with bombardment. However under band-gap 
light excitation there was no detectable change in the 
intensity after bombardment with 1018 electrons/cm2 

independent of the electron energy in the range 250 to 
500 kev. Another batch of crystals was selected which 
showed the 6950 A and 7400 A and the 1.03/z bands 
under both electron and band-gap light excitation at 
room temperature. 

Figure 3 shows the fluorescence spectrum of these 
crystals at various bombardment levels at 320 kev 
with electron excitation. The decrease in all fluorescence 
is quite apparent, but the 1.03 ^ band decreases much 
more slowly than the shorter wavelength fluorescences. 
Bombardment at 275 kev subsequently did not change 
the intensity of fluorescence of the 1.03 /x band even to 
2X1018 electrons/cm2. 

The decrease in intensity of the 7400 A band under 
bombardment observed in these experiments, is appar­
ently in direct opposition to the results published in 
reference 3 for the effect of bombardment above 115 
kev on this fluorescence band at liquid nitrogen temper­
ature. To check this a crystal which did not show the 
1.03/x band but which did show edge emission and 
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FIG. 3. Fluorescence spectrum of CdS under electron bombard­
ment at 40°C 320 kev, 4 /ia/cm2, (1) initially, (2) after 3X1017 

electrons/cm2, and (3) after 2X1018 electrons/cm2. 
6 C. E. Bleil and D. D. Snyder, J. Appl. Phys. 30, 1699 (1959). 
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FIG. 4. Fluorescence spectrum of CdS under band-gap light 
excitation, (1) before and (2) after bombardment at 275 kev with 
1017 electrons/cm2. 

7200 A fluorescence at — 196°C was bombarded at room 
temperature at 275 kev for 1017 electrons/cm2. Figure 4 
shows the fluorescence at room temperature under band 
gap light excitation before and after this bombardment. 
The results are in agreement with reference 3. The 
intensity of the 7400 A band when excited by electrons, 
however, had decreased during this bombardment. 
When the 1.03 ix band is present and/or when bom­
bardment is above 300 kev, the intensity of the 7400 A 
band under band gap light excitation decreases with 
bombardment. This decrease in intensity of the fluo­
rescences is probably a result of a poisoning center 
produced by the bombardment. 

c. Annealing of Room Temperature Bombarded Samples 

If the decrease in intensity of the 1.03/x band as a 
result of bombardment above 300 kev at 20°C is 
caused by the production of a poisoning center then 
heat treatment might be expected to restore the fluo­
rescence. Figure 5 shows the fluorescence of the crystal 
shown in Fig. 3 following heat treatment at various 
temperatures. The recovery of the fluorescence of both 
bands is shown. Above 350°C however the fluorescence 
decreases again. In a non-bombarded crystal cleaved 
from the same large crystal, the intensity of the 7400 A 
band decreased steadily as the heat treating tempera­
ture increased while the intensity of the 1.03 n band 
first increased up to 250°C then decreased as the 
temperature of heat treat was increased. The results 
of the heat treat of the non-bombarded crystal make 
the interpretation of the heat treating data of Fig. 5 
uncertain. 

The bombardment experiments can be summarized 
as follows: (1) At - 1 9 6 ° C the 1.03M and the 6050 A 
fluorescence bands are increased in intensity by bom­
bardment at 300 kev and above. (2) At 20°C, a poison­
ing center is produced by electron bombardment at 
300 kev and above which decreases the intensity of the 
1.03 fi band. (3) A poisoning center for the 7200-7400 A 

band under electron excitation is produced by bom­
bardment. (4) The green edge emission is increased in 
intensity by bombardment in the energy range studied 
here. 

DISCUSSION 

The experiments show an intensification of two 
fluorescence bands in CdS by electron bombardment 
with a threshold between 275 and 300 kev. The fact 
that it is necessary to go to —196°C to produce this 
effect is not surprising in view of the well known 
complexity of the fluorescences in CdS crystals, especi­
ally the dependence of the fluorescence on temperature 
and quantity and quality of the impurities.7 Since a 
threshold has been reported at 115 kev,3 the threshold 
observed here is that for the displacement of the 
cadmium atom from the lattice. A 290-kev electron 
can transfer a maximum of 7.3 ev energy to a cadmium 
atom. The calibration of the accelerator was checked 
by measuring the extrapolated range of 300 kev 
electrons in aluminum. I t was found to be 0.082 g/cm2. 
The value 0.08 g/cm2 is given in Evans.8 The electron 
energy therefore is known within ± 5 % . The value 
found for the displacement energy for the sulfur atom 
in CdS was 8.7 ev. Thus it appears that the cadmium 
atom is bound somewhat less strongly than the sulfur 
atom. The difference in temperature at which the two 
displacement thresholds were measured could account 
for some of this difference. However no such tempera-
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FIG. 5. Fluorescence spectra of bombarded crystals of Fig. 3 
under electron excitation following heat treatment for J hour in 
argon. (1) Original and 200°C, (2) 250°C, (3) 300°C, (4) 350°C, 
(5) 400°C, and (6) 450°C. 

7 See for example, (a) M. Avinor, thesis, University of Amster­
dam, 1959 (unpublished) and (b) W. Van Gool, thesis, University 
of Amsterdam, 1961 (unpublished). 

8 R. D. Evans, The Atomic Nucleus (McGraw-Hill Book 
Company, Inc., New York, 1955), p. 624. 
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ture dependence of the displacement threshold is 
observed in germanium where Lofferski and Rappaport9 

found a threshold energy of 360 kev at 16°C and Brown 
and Augustyniak10 found 355 kev=h5 kev at 79°K. 

Defects Responsible for the 6050A and 
1.03-t* Bands 

The production of defects stable at liquid nitrogen 
temperature indicates that the centers are probably 
simple ones, that is interstitials or vacancies not in 
association with other impurities. The possibility of 
interstitial diffusion under electron bombardment has 
been discussed by Kulp and Kelley in the case of sulfur 
in CdS. An experiment of the type shown schematically 
in Fig. 6 using sulfur instead of cadmium resulted in the 
production of green edge emission at liquid nitrogen 
temperature. For the Cd overlay experiment a few 
micrograms per cm2 of cadmium metal was evaporated 
onto a crystal 0.010-in. thick. The sample was bom­
barded with 100 kev electrons at 0°C. After 5 yua-hrs/cm2 

a broad orange fluorescence under and next to the 
evaporated cadmium layer was observed at liquid 
nitrogen temperature under uv stimulation. The maxi­
mum intensity of the fluorescence is located at 6050 A 
± 5 0 A. The 6050 A fluorescence is thus attributed to 
the cadmium interstitial. This band, though rare, has 
been observed in as-grown crystals and in the residue 
of the furnace charges of some crystal growing runs. 

The 1.03/z band is rather broad and the experi­
mental error in the peak wavelength is estimated to be 
±0.02 /a based on reproducibility, the asymmetry of the 
band and the fact that slit widths of 0.5 and 1.0 mm 
were necessary to get sufficient intensity in the bands. 
This band is observed in many as-grown crystals, 
"pure" and copper and silver doped. I t is often observed 
under electron excitation but not under uv or bandgap 
light excitation at 20°C and -196°C. I t can be pro­
duced in many crystals which do not have it by heating 
to 200°C in vacuum or in air. The results of the experi­
ments described here indicate that it is a result of 
cadmium vacancies. 

9 J. J. Lofferski and P. Rappaport, J. Appl. Phys. 30, 1296 
(1959). 

10 W. L. Brown and W. M. Augustyniak, J. Appl. Phys. 30, 
1300 (1959). 

Whether or not this is the same band observed by 
Grillot and Guintini and others9-11 in copper doped 
CdS is not known. I t may be that just as there are 
three blue fluorescences in ZnS, one for silver doped, 
one for copper doped and a self activated one,12 there 
are three distinct bands in the vicinity of 1 ju in CdS. 
An example of multiple bands is seen in copper and 
silver doped CdS at low temperature in the vicinity 
of 6400 A. In this case Warschauer and Reynolds13 

have shown that the fluorescence is polarized parallel 
to the C axis in copper doped and perpendicular to the 
C axis in silver doped samples. This clearly indicates 
two distinct centers. The 1.03/u band observed here 
does not seem to be polarized in the crystals used in 
these experiments. 

Browne14 has proposed that the 8200 A and the 1.02 /x 
bands observed by Grillot and Guintini11 and Garlick 
et al.12 are actually from the same defects, namely 
cadmium vacancies. In a separate communication15 

this author has shown that an 8500 A band believed 
to be the same as the 8200 A band above, is decreased 
in intensity by electron bombardment. In addition the 
1.03 pL band is produced by heat treatment while the 
8500 A band is not, therefore unless there are separate 
bands near 1 /x for undoped, silver doped, and copper 
doped CdS the data here indicates that there are 
separate centers for the 8500 A and 1.03 \x bands. 

Kroger16 et al. have proposed on the basis of conduc­
tivity measurements, that the cation vacancy with one 
hole trapped is located about 1.5 ev from the valence 
band. Bube17 believes that this is too high in the 
forbidden gap for this defect level and would seem to 
prefer it to be nearer 1.0 ev above the filled band. The 
energy of the center observed here is just about midway 

' between the two values presented above. However, 
there is nothing in the experimental data presented 
here to indicate the position of the trap relative to the 
allowed energy bands in the crystals or to determine 
the nature of the center itself. 

CONCLUSION 

The appearance and disappearance of the fluorescence 
bands as the temperature is cycled and as electron 
bombardment progresses makes interpretation of the 
results of these experiments difficult. However it seems 
obvious that each of the centers produced by the 
bombardment experiments must exist in more than 

11 E. Grillot and P. Guintini, Compt. rend. 236, 802 (1953); 
239, 418 (1954). 

12 G. F. J. Garlick and M. J. Dumbleton, Proc. Phys. Soc. B67, 
442 (1954); P. F. Browne, J. Electronics 2, 1 (1956); M. Avinor, 
thesis, University of Amsterdam, 1929 (unpublished). 

13 D. M. Warschauer and D. C. Reynolds, Phys. Rev. Letters 
3, 370 (1959). 

14 P. F. Browne, J. Electronics 2, 1 (1952). 
16 B. A. Kulp, J. Appl. Phys. 32, 1966 (1961). 
16 F. A. Kroger, H. J. Vink, and J. van den Boomgoard, Z. 

physik. Chem. 203, 1 (1954). 
17 R. H. Bube, Phys. Rev. 99, 1105 (1955); J. Phys. Chem. 

Solids 1, 234 (1959). 
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one ionization state.14 The particular state of ionization 
of each defect is determined by the position of the 
Fermi level. This is sensitive to the total number and 
type of impurities in the crystal and hence varies 
greatly from crystal to crystal. The time required for 
the establishment of steady state conditions is often 
rather long, for example the slow rise in photoconduc­
tivity in CdS observed by Bube.17 Quasi steady-state 
conditions might be expected to exist during and 
following the periods of heavy ionization caused by 
electron bombardment which can cause a change in the 
distribution of the electrons over the existing defects. 
Temperature cycling or long decay times or both may 
be required before a return to equilibrium is accom­
plished. This is evidenced by the decrease in intensity 
of the 7200 A band under bombardment at low temper­
ature followed by the partial recovery of this fluores­
cence by warming to 20°C then cooling again. The 

The problem of the valence band structure of germanium and 
silicon in the presence of an external magnetic field is considered 
from a quantum-mechanical point of view. The analysis is carried 
out using first- and second-order perturbation theory. The ap­
proach is an extension of methods of Shockley and Kane to include 
the effects of the magnetic field. The usual approximation of the 
decoupling of the Vi and V2 bands from the Vz band is not made, 
thus making the analysis applicable to Si as well as Ge. Spherical 
energy bands are not assumed in this calculation and the case of 
kHy^O is considered. Detailed analysis is carried out for the mag­
netic field H in the [001] direction. The analytical results ob-

I. INTRODUCTION 

THE quantum-mechanical effective mass formalism 
for treating problems of magnetic energy levels 

(Landau levels) in semiconductors has been developed 
by Luttinger and Kohn.1 The method has been extended 
by Luttinger2 who used it to analyze the valence band 
of germanium. Since in the valence band of Ge the spin-
orbit splitting is rather large, Luttinger has been able to 
consider the Vi and V2 bands separately from the Vz 

band. He has written down a 4X4 matrix, a diagonaliza-
tion of which should yield the energy levels for elec­
trons in a Ge crystal which is subjected to a magnetic 

* This work was performed while the author was a recipient of 
the Howard Hughes Fellowship in Science and Engineering, and 
was supported in part by the Office of Naval Research. 

f Present address: Hughes Research Laboratories, Malibu, 
California. 

1 J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955). 
2 J. M. Luttinger, Phys. Rev. 102, 1030 (1956). 

initial increase in intensity of the 1.03 p. band during 
bombardment at 275 kev, below the threshold, and its 
decrease following warming and cooling is an example 
of a similar phenomenon with opposite effect. Much 
work remains to be done before any real understanding 
about the character of the defect levels in CdS can be 
accomplished. Electron bombardment near the thresh­
olds for displacement of the cadmium and sulfur atoms 
offers a new approach to the problem; however, the 
results obtained are complicated. 
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tained are more general than those of Luttinger but reduce to the 
latter if certain approximations are introduced. 

Numerical calculations of the Landau energy levels are carried 
out for certain special cases. The results predict an increase of the 
hole effective mass with the magnetic field. They also indicate 
mixing of the Landau levels even at kn=0, which leads to a pre­
diction of new transitions some of which are of "negative mass" 
type. The mixing is more pronounced in Si than in Ge. Calcula­
tions for kiiT^O show that the e%- levels possess negative curva­
tures near &#=(). Gradual "crossing" or reordering of the heavy 
hole levels is found at relatively high &#. 

field in the [111] direction. In deriving this, Luttinger 
assumed that the momentum of the electrons in the 
direction of the magnetic field (&#) is zero. He has then 
simplified the problem further by assuming the energy 
bands to be isotropic. This reduced the problem to the 
solution of two 2X2 determinants which Luttinger has 
carried out. He also formulated a perturbation approach 
to the anisotropic problem. The numerical results for 
Ge have been given by Goodman.3 One of the most 
interesting results obtained by Luttinger and Goodman 
is the unevenness in the spacing of the Landau levels at 
low quantum numbers, an effect which has been experi­
mentally observed.4-6 

3 R. R. Goodman, doctoral dissertation, University of Michigan, 
1958; Phys. Rev. 122, 397 (1961). 

4 R. C. Fletcher, W. A. Yager, and R. F. Merritt, Phys. Rev. 
100, 747 (1955). 

6 J. C. Hensel, Bull. Am. Phys. Soc. 6, 115 (1961). 
6 J. J. Stickler et al., Bull. Am. Phys. Soc. 6, 115 (1961). 
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