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TABLE II. Calculated mean free times and paths at 4.2'K.

Resis-
tivity

(300oK)
Sample ohm-cm

Assumed
Type m+/mo

To
sec

l,o

cm

842 28
B22 1.6
812 1.2

n(sb)
P(Ga)

0.11 0.7X10 " 1.1&(10 '
0.11 0.3&(10 ' 0.2+10 '
0.30 0.6&(10 " 0.6&(10 '

the range 10' to 20'K, which show E, increasing with
temperature, suggest that E, passes through a mini-
mum in the region 5' to 10'K. This could correspond
to the mobility maximum occurring when ionized im-

purities begin to dominate lattice vibrations in the
scattering of carriers. Comparison of E, for diferent
samples at the same temperature also indicates that
E, varies inversely with carrier mobility in accord with
the assumed breakdown mechanism.

Having determined experimentally the dependence
of E, upon H, (see Fig. 2) we can estimate values of
the mean free time, 7, between collisions of carriers.
A typical carrier may be considered to be accelerated
from rest by the field E, and to acquire sufficient energy
so that its mean free path, /, can end in an ionizing
collision. If the energy acquired between collisions when
H=O is equated to that gained with H=H and if /

for the two cases is assumed the same, then one may
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FIG. 2. Critical electric field for breakdown vs transverse
magnetic field for three specimens at 4.2'K.

the ratios R(E&E)/R(E&E) and p(E &E.)/p(E& E.).
These are seen to be of roughly the same magnitude,
i.e., the resistivity decreases on breakdown in nearly
the same ratio as the carrier concentration increases.
This agrees with the impact ionization picture. The
discrepancies in these ratios are due probably to a
mobility reduction resulting from the increased number
of ionized scattering centers produced at breakdown.

Values of E, for several specimens increased slightly
as the temperature was lowered from 4' to 1'K be-
coming essentially constant in the region from 1' to
0.1'K. These results together with those obtained in

show' that E,rr/E s=2/L1+cos-', a&,rj, where E,Ir and
E,p are the values of E. for the transverse magnetic
fields H and zero respectively and co, =eH/nz*c. Values
of v- obtained by solving this equation may be extrapo-
lated to H=O giving times 7 p as listed in Table II.
These agree well with values of r determined from the
cyclotron resonance line widths for similar material. '
With this crude picture values of /p may also be esti-
mated. Some typical values obtained by extrapolation
to H=O are given in Table II.

* Supported by the National Science Foundation and the Office
of Naval Research.

f Based on part of a thesis to be submitted by F. J. Darnell to
the Carnegie Institute of Technology in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.' Estermann, Foner, and Zimmerman, Phys. Rev. ?5, 1631(A)
(1949).' A. N. Gerritsen, Physica 15, 427 (1949).

s Sclar, Burstein, Turner, and Davisson, Phys. Rev. 91, 215(A)
(1953).

4 Ryder, Ross, and Kleinman, Phys. Rev. 95, 1342 (1954).
5 A different result giving nearly the same values of 70 may be

obtained by assuming the radial distance traversed between
collisions in each case to be the same. The approximation in
which thermal motion is regarded as predominant gives poorer
values of ro.' Dresselhaus, Kip, and Kittel, Phys. Rev. 92, 827 (1953).
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IGH—ENERGY electron bombardment of single-
~ - - - crystal germanium or silicon introduces defects
which induce changes in minority carrier lifetime, 7.,
and when the damage is thousands of times greater,
changes in resistivity, p. If the semiconductor is made
into an electron voltaic cell, ' it can be shown that the
short-circuit current, I„which is induced to flow
through the cell by electron bombardment, is propor-
tional to v&. Thus observations of I, share the sensi-
tivity but avoid the difficulties encountered in a direct
measurement of 7-. The purpose of this letter is to show
how the changing short circuit current, l„can be
related to the properties of the defects, and to present
experimental results for bombardment damage thresh-
holds determined by this method.

The method depends on the existence of a reciprocal
relation between ~ and the number of recombination
centers4 introduced by bombardment, E„, i.e.,

1/IP ~ 1/r ~ X,of(E& Er), —(1)

where r is the cross section for capture of minority
carriers at the defect and f(E~ Ef) is a function of the-
separation between the energy level of the defects, E&,
and the Fermi energy, Ef. This function has been
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FIG. 1. Typical plots of 1/I 2 vs bombardment time, t, for
different energies of bombardment. The scale on the left should
be used except where indicated.

formulated for such a recombination process by Hall'
and Shockley and Read. ' Furthermore, S„is a linear
function of bombardment time, t:

S,~ Eggtd, (2)

where E~ is the Aux of high-energy electrons, and 6 is
an average cross section for producing a defect. Note
that 6 depends on V&, the energy of the bombarding
particles. Substitution of (2) into (1) results in

1/I, 2 ~ Nso f(Et, Ef)th. —

Thus, if plots are made of 1/I, 2 against t, the slopes of
such plots, d(1/I.2)/dt= p, yield information —about the
damage such as the following:

(a) If Es and f(E~ Ef) are constant fo—r a group of
samples bombarded by monokinetic electrons of dif-
ferent energies, V~, it is possible to plot v vs Ug, which
is proportional to 6 ~s V~, and to locate V~;„, the
threshold for producing defects.

(b) If Us, Es, and 6 are constant and E~ is varied
by using samples of diferent resistivity, it is possible
to trace f(E&—Ep), and to compare it with theory. ' '

(c) If VQ XQ and 3, are constant and E,—Eq))kT,
then f(E~ Ef) =1, i.e., highly do—ped material, and the
ratio of v's for n and p-type materials yield-s the ratio
of 0.„/0. , i.e., of the cross section for capture of holes
and of electrons by the recombination centers.

Preliminary results for (a) were obtained by using
electrons produced by a Van de GraaG machine in

which V~ was variable from 0.3 to 2 Mev. ' The re-
sistivity of the e-type germanium used in the diodes
was between 0.2 and 0.4 ohm cm while that of the
p-type silicon was 35 ohm cm. The samples were ex-
posed at room temperature for about 30 minutes to
bombarding currents (Is) of 10 r ampere at each
energy. Typical plots of 1/I, ' vs t for silicon and ger-
manium are shown in Fig. 1, where V~ is the running
parameter. Figure 2 shows a linear plot of v (the slopes
of lines such as those in Fig. 1) vs Vs for both Ge and
Si. For Ge, the experiments have shown the damage is
readily detectable for V~=510 kev, whereas the Sj.
damage was still appreciable at the lowest energies
available in the Van de Graaff. The threshold V~
has been interpreted as the energy a primary particle
must have in order to impart enough energy (Er) to
an atom in the crystal to displace it irreversibly from
its normal position. Thus our experiments indicate that
for Ge, E~;„&23 ev. This is lower than the 31 ev
observed by Klontz who used changes in p at liquid air
temperatures to detect the presence of the vacancies. '

Analysis of the results for silicon is more difficult
because of the low-energy cutoff of the Van de Graaff.
If, however, a linear extrapolation of the curve is
made, V~ ~;„&280kev so that EJ. ;„&27.6 ev. These
values of El, ;„should be compared to the theoretical
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FIG. 2. The slopes, v =—d(1/I, '}/dt of lines like those in Fig. 1,
plotted vs the energy of the bombarding particles. The scale on
the left applies to Si, that on the right to Ge.
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value of this quantity, i.e., the Wigner energy of
~25 ev'

A more complete report of this work is in prepara-
tion, and it will include results of experiments outlined
in parts (b) and (c).

' P. Rappaport, Phys. Rev. 94, 1409(A) (1954).
E. Klontz, Purdue University dissertation, 1948 (unpublished).' P. Rappaport, Phys. Rev. 93, 246 (1954).

4A. Rose, RCA Rev. 12, 362 (1951).
5 R. N. Hall, Phys. Rev. 87, 387 (1952).' W. Shockley and W. R. Read, Phys. Rev. 87, 835 (1952).
7The work was done on a Type AD2 machine at the High

Voltage Engineering Corporation in Cambridge, Massachusetts.
The authors wish to thank Mr. A. John Gale, who supervised the
adaptation of the machine for these experiments.' F. Seitz, Discussions Faraday Soc. 5, 271 (1949).
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AYMOUTH and Bitter' have reported some
significant experiments on electroluminescence

excited by field pulses of known time constant with
certain cubical ZnS:Cu, Pb phosphors. They found
that if the electroluminescent lamp was first irradiated
with infrared to bring it to a consistently reproducible
initial state, then there was practically no luminescence
when the field was applied, but luminescence would
occur when the field was removed. It was suggested' '
that this might be due to ionization of the activator
centers, with the field holding the electrons at the
positive side of the working portion of the crystal, with
luminescence occurring by recombination when the
field was released.

An alternative explanation is now proposed. The elec-
trons are assumed to come from donor levels of low

energy, say 0.2 ev, and hence either come from initially
ionized donors or are released by low fields. These
electrons will accordingly migrate to the positive side
of the working portion of the crystal at low fields, too
low to accelerate the electron to the 2 ev or so energies
necessary for impact excitation of the activator. Thus
when the field reaches its full value, there will be no
electrons that it can accelerate across the working part
of the crystal. The electrons will have all gone over
slowly to the positive side.

When the applied field is removed, however, the
maximum reverse field due to polarization of the crystal
will occur at, or close to, the instant of removal of the
field. The electrons will therefore begin to move back
to their donors in a high field, becoming accelerated to
energies high enough for excitation of any activator
atoms encountered along the way. Luminescence will
thus occur when the field is removed.

The foregoing is true if the applied field is removed
shortly after it reaches its maximum value. The elec-
trons will be largely untrapped and free to return to
their donors. The longer the applied field is maintained,
however, the more electrons will become trapped, and
the traps in zinc sulfide, particularly with lead present,
will be deeper than the donor levels, for example about
0.5 ev. The electrons held in these traps will not all be
released with the collapse of the applied field, and
hence the luminescence on removal of the applied field
will be reduced.

On the reapplication of the field, however, the elec-
trons will no longer all be free to move at low fields,
but will not be released from their traps until the field
reaches a higher value, high enough to then accelerate
the electrons sufficiently for impact ionization. Thus, if
the field is initially applied, maintained for a time, and
then removed, luminescence will occur on reapplication
of the field. This is in accord with the experimental
results of Waymouth and Bitter.

As the time interval between removal and reapplica-
tion of the field is increased, more electrons will escape
from traps before reapplication and hence the lumines-
cence on reapplication of the field will be smaller.

Irradiation by infrared to empty the traps will also
reduce the luminescence on reapplication of the field,
all these results being in accord with the Waymouth-
Bitter experimental findings.

The reason for the trapping of electrons when the
applied field is maintained for a long enough period is
presumably the fact that the dielectric material in
which the phosphor particles are embedded has a
definite, though extremely small, resistance, so that a
small direct current will liow through the device, some
electrons from the direct Qow being trapped as they
pass through the working portion of the crystal, and
being compensated for by electrons leaving the positive
side and passing into the dielectric.

' J. F. Waymouth and F. Bitter, Phys. Rev. 95, 941 (1954).' L, Burns, J. Electrochem. Soc. 100, 572 (1953).
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' 'N this note, we will discuss the calculation of the
~ ~ average potential in an infinite nonionic crystal,
and show that the Frenkel-Bethe formula' can be ob-
tained from the Fourier representation of the total
crystal potential. In what follows, the Fourier transform
F (n) of a function G(r) is given by

F(n) =5(G(r))= G(r) exp( —2z.in r)dr/v„(1)


