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Aux quanta within a circle halfway through the thick-
ness of the wall of the cylinder, if applied directly
along the axis of the cylinder.
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A threshold for the displacement of an atom from the ZnSe lattice by electron bombardment has been
observed at 240 keV. An electron of 240 keV transfers a maximum energy of 8.2 eV to the selenium atom
and 10eV to the zinc atom. The displacement is observed by the production at 85'K of a broad Quorescence
band which is resolvable into two overlapping bands with peaks at 5460 and 5850 A. The radiation damage
anneals completely at a temperature of 160'K.

INTRODUCTION

IRK CdS and ZnS, ZnSe is a II—VI compound
- ~ semiconductor often grown by vapor-phase deposi-

tion at high temperature under various conditions of
atmospheric control. ' ' This method of growth results
in crystals of questionable stoichiometry and quality.
Many of the Quorescence properties of these compounds
are believed to be a result of crystal defects in conjunc-
tion with or independent of chemical impurities.

Electron bombardment has proven to be a useful
tool to produce defects in silicon which involve vacancy-
impurity ' as well as multiple-vacancy complexes. '
Earlier studies in this laboratory have shown that it is
possible to isolate defects of di8erent atoms in com-
pound semiconductors by measuring the threshold
energies for the production of various Quorescence bands
in these materials. ' This latter technique has been
applied to single-crystal ZnSe and the results of bom-
bardment experiments with electrons in the energy
range 225 to 500 keV are described here.

*Submitted in part to the faculty of the U. S. Air Force
Institute of Technology as partial fulSlment for the requirements
of the degree MSc in Nuclear Engineering by RMD.' R. Frerichs, Phys. Rev. 72, 594 (1947).' D. C. Reynolds and S. J. Czyzak, Phys. Rev. 79, 543 (1950).' F.A. Kroger, H. J.Vink, and J.Van den Boomgaard, Z. Physik.
Chem. (Leipzig) 2M, 1 (1954).' G. D. %atkins and J.W. Corbett, Phys. Rev. 121, 1001 (1961).

~ J. %. Corbett, G. D. Watkins, R. M. Chrenko, and R. S.
McDonald, Phys. Rev. 121, 1015 (1961).

6 J. %'. Corbett and G. D. Watkins, Phys. Rev. Letters 7, 314
(196i).' B.A. Kulp and R. H. Kelley, J. Appl. Phys. 31, 1957 (1960).

S. A. Kulp, Phys. Rev. 125, 1865 (1962).

EXPERIMENTAL

The crystals used in these experiments were grown by
vapor phase deposition by L. C. Greene of this labora-
tory. The electron bombardments were carried out in
vacuum with a Van de Graaf accelerator at a dc level
of irradiation of 4 to 20 pA/cm', at a temperature near
liquid nitrogen temperature. The fluorescence was
measured with a Perkin-Elmer glass prism spectrometer
with a type 6199photomultiplier detector. The infrared
Quorescence was measured with a lead sullde detector.
The spectrum following 500 keV bombardment was
taken with a Cenco j.-m grating spectrometer with
103A-F 61m. During bombardment the crystals were
mounted on a cold 6nger beneath a liquid nitrogen
Dewar in the beam of the accelerator. The Quorescence
was observed through a quartz window. The Quores-
cence was excited by electrons with an energy of 275
keV at an intensity of 4+A/cm'. The energy was so
chosen that the intensity did not change appreciably in
the 6ve minutes required to scan the wavelength region
of interest.

DATA AND RESULTS

A. Electron Bombardment

Figure 1 shows the Quorescence spectrum of a single
crystal of ZnSe before and after bombardment by 10"
electrons/cm' at an energy of 500 keV at 85'K. The
Quorescence following bombardment has been resolved
into two bands with a symmetrical intensity distribu-
tion and peaks at 5460 and 5850 A. The wavelengths
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are arrived at in the following manner: the Quorescence
of several crystals in which the band at 5460 A appeared
alone was examined, the intensity of the 5460 A band
from one of these crystals was then normalized to a
best 6t to curve 8 of Fig. i. The other band was arrived
at by subtraction. %e note that the two Quorescence
bands produced by electron bombardment are found in
selected "as grown" crystals, a condition similar to the
four Quorescence bands produced by electron bombard-
ment in CdS.~'

The Quorescence spectrum of these crystals was
investigated in the infrared region up to 2.5 p, . Sands
at 1.0, 2.65, 2.0, and 2.2 p, were observed both at 300
and 85'K. All decreased in intensity as the radiation
produced band increased in intensity at 85'K.

Figure 2 shows the intensity of the band shown in
Fig. l in the wavelength region 5400 to 5500 k as a
function of the number of electrons/cm' striking the
crystal at various electron energies. The zero slope of
the 225 keV electrons indicates a threshold for the
production of the band between 225 and 250 keV. The
linearity of the intensity as a function of the number of
electrons is quite evident and somewhat amazing in view
of the many possibilities for recombination in this
initially quite impure material.

Figure 3 shows the rate of production of the Quores-
cence band as a function of electron energy. The sharp
change as the threshold is approached is clearly evident
as is the tail very near the threshold. The experimental
data are qualitatively in agreement with the analysis
by I.oferski and Rappaport' and* the experimental data
for germanium of Brown and Augustyniak" which more
nearly approach the real physical situation for displace-
ment of an atom from a lattice site than the treatment
of Seitz and Koehler. " It is to be noted here that no
damage is detectable in this type of crystal under
bombardment at 300'K for the same period of time
required to produce the maximum intensity shown in
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FIG. 2. Intensity of the fluorescence in wavelength region
5400-5500 3 as a function of bombardment and electron energy.

Fig. 2. Furthermore, the bands reported here are not
produced in all crystals by electron bombardment. The
crystals used in these experiments were selected on the
basis of the production of the bands by bombardment
and are not all from the same crystal growing runs, nor
did all crystals from any given crystal growing run show
the effect. The data presented here were taken with the
same crystal but the effect was observed and quantita-
tively the same in several different crystals.

I ' I ' I

B.Isochronal Annealing of the Fluorescence Sands
Produced by Electron Bombardment

The annealing of radiation damage in semiconductors
has been the subject of a number of investigations. ""

FIG. 1. Fluores-
cence spectra of ZnSe
(A) before and (8)
after bombardment
at 85'K with 500-
keV electrons. Spec-
tra taken at 80'
excited with 275-keV
electrons 5 pA/cm~.
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FxG. 3. Rate of increase of fluorescence as a function of electron
energy. Note expansion of intensity by factors of 10 and 100.
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Fro. 4. Percent of damage remaining after heat
treatment 15 min at each temperature.

DISCUSSION

In CdS, where the two types of atoms have a large
difference in mass, two thresholds for electron radiation
damage are observed. In ZnSe the mass di8erence is
much less, 65 and 79, but nonetheless if the displace-
ment energy is the same or less for the lighter element

While the process is not well understood even in silicon
and germanium which have received the most intensive
study, it provides valuable information as to the type
of defect likely to be present following electron
bombardment.

Figure 4 shows the percent damage left after each
heat treatment under the assumption that the intensity
of the fluorescence band is directly proportional to the
number of centers produced. This appears to be a good
assumption especially at lower irradiation levels since
the curves in Fig. 2 are quite linear. The damage was
produced by 500-keV electrons at 85'K. The intensity
was measured at 85'K under electron excitation with
275 keV electrons, 4pA/cm'. Curves A and 8 are for
diferent crystals. Curves 8, C, and D are for the same
crystal but with di6erent irradiation levels; 8 the least,
C more, and D about 3 times the irradiation dosage as
for curve B. Crystal A did not show the intensity e&ect
noted in the other crystal. The various points in C are
for two diferent annealing runs. The principal annealing
takes place in a temperature range between 140 and
160'K, in a single step process in many crystals. In
some crystals, however, the single step process occurs
only for a low concentration of defects. The annealing
is complete, and following annealing bombardment
above the threshold of 240 keV is necessary to restore
the fluorescence bands discussed here. There is no
change in the other fluorescence bands other than a
slight increase in intensity during the annealing process.

than for the heavier, there should be two distinct
threshoMs for the production of electron radiation
damage. In CdS the displacement for the cadmium
atom was 7.3 eV, somewhat less than the 8.7 eV meas-
ured for this sulfur atom. If the same situation holds
for Znse then the two thresholds will be displaced

sufficiently for clear and easy resolution. Ke have not
observed a threshold for the production of a diferent
fluorescence band than reported here. Therefore, we
cannot assign the threshold reported here at 240~ 10keV
for the displacement of a particular atom. At 240 keV an
electron can transfer a maximum of 8.2 eV to a selenium
atom and 10 eV to a zinc atom. These displacement
energies are quite consistent with the displacement
energies observed in CdS.

The appearance of two fluorescence bands which
anneal out together at a very low temperature suggests
that the defects observed here are the simple vacancy
and the simple interstitial. However, lower temperature
bombardments are necessary before this can be stated
with certainty. Bombardments near liquid helium
temperature are planned for the near future.

There is no direct evidence in these crystals that
other fluorescence centers active in the range in 2.5 p,

are produced by the bombardment. However a rather
interesting difference is observed in the sensitivity of
the infrared fluorescence bands. At the start of the
bombardment series the infrared bands were observable
only at electron beam currents of about 4pA/cm'.
Toward the end, however, the light from the Van de
Graa6 6lament was sufhcient to saturate the intensity
of these bands. This change in sensitivity is taken as an
indication of further damage to the crystal which does
not anneal out below room temperature.

APPENDIX. NUMBER OF CENTERS OBSERVABLE
SY FLORESCENCE TECHNIQUES

Vsing the range-energy data for electrons of ¹lms,"
electrons of 500 keV initial energy will penetrate
approximately 0.32 mm before their energy is below the
240 keV threshold for displacement of the selenium
atom. Using the cross-section calculation of Seitz and
Koehler" and considering the energy degradation inside
the crystal an estimated 2X10" atoms/cm' were
displaced by 1.5X10" electrons/cm' at 500 keV. The
crystal was 2 mmX3 mm in size so that 1.2X10'4 atoms
were displaced in this crystal.

The signal observed was actually about 500 times the
minimum detectable with the equipment used in these
experiments, so that the minimum number of radiation
damage centers observable in these crystals is about
2y 10»

"A. T. Nelms, National Bureau of Standards Circular No. 577
(U. S. Government Printing 0%ce, Washington, D. C., 1956).


