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Radiation defect introduction rates have been studied in n- and ^-type silicon by analyzing the effects 
of electron irradiation on diffused n on p base and p on n base silicon junctions. The electron energy was 
varied between 125 and 800 keV; this range included the silicon radiation damage threshold. Plots of the 
product of the probability of producing a defect and the minority capture cross sections of the defects in 
the two kinds of junctions exhibited similar dependence on electron energy. However, the magnitudes of 
these products differed by a factor of about 200 in the two structures, the n on p base junctions exhibiting 
the slower decay rate. It is shown that although the microscopic nature of the radiation defects may differ 
in n- and ^-type silicon, the rate-determining process is the same in both kinds of material. This process 
must be the production of vacancy-interstitial pairs as a result of Coulomb scattering by the high-energy 
electrons. However, the shape of the curve relating the probability of defect introduction to electron energy 
does not agree with theoretical curves, this in spite of a large increase in reliability of data over previously 
reported experiments in silicon. 

I. INTRODUCTION 

RADIATION defects introduced into silicon as a 
result of irradiation by electrons with energies in 

excess of 100 keV have been subjected to a number of 
investigations.1-4 One of these1 was concerned with the 
way in which the defect introduction rate A (EB) varied 
with electron energy EB in the vicinity of the radiation 
damage threshold EB$. In that study, A(EB) and EBo 
were measured by observing changes in a p-n junction 
parameter related to the minority carrier lifetime r. I t 
was shown that in silicon EBO was equal to about 145 
keV which was interpreted to mean that the minimum 
energy ELO which a silicon atom must acquire before it 
can be expelled from its lattice site is 12.9 eV. In that 
paper it was also shown that the dependence of A(EB) 
on EB in germanium did not fit the theoretical curve 
obtained by treating the damage production process as 
though it involved Coulomb scattering of the electron 
by the nucleus and the existence of a single well-defined 
threshold value. However, the silicon data were not 
sufficiently reliable (for reasons given in that paper and 
summarized below) to construct the A (EB) vs EB curve 
for that material and to compare it with theory. There 
is a special reason why such a comparison with theory 
is more meaningful in silicon than in germanium. 
Natural germanium is composed of a number of isotopes 
with the appreciable abundances, namely, Ge70(20.4%), 
Ge72(27.4%), Ge73(7.8%), Ge74(36.6%), and Ge76 

(7.8%). I t has been pointed out1 that such a 10% 
spread in atomic weights of abundant isotopes could 
lead to a smoothing out of the A (EB) vs EB curve which 
would be difficult to account for theoretically. By con-
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trast with germanium, natural silicon is practically a 
single isotope since it is composed of 92.2% Si28, 4.7% 
Si29, and 3 .1% Si30. Thus, the complication which arises 
from this isotope effect should be less serious in silicon 
than in germanium. 

In spite of these facts, no further study of the depen­
dence of A (EB) on EB in silicon by any method has been 
reported in the literature. (By way of contrast, a 
thorough study of this functional relation has been made 
for germanium based on observation of radiation in­
duced changes in conductivity o\5) Furthermore, 
A(EB) VS EB curves have not been studies in both n-
and ^-type material for any semiconductor even though 
there is evidence that the microscopic composition of 
radiation defects can be quite different in the two 
conductivity types.2 Such differences in defect composi­
tion could lead to differences in the shapes of A (EB) vs 
EB curves and perhaps to differences in the threshold 
energies for production of these various defects. There 
were therefore two reasons for undertaking work re­
ported in this paper. The first was to determine the 
shape of the A(EB) vs EB curve for silicon with an 
accuracy sufficient to ascertain the true extent of 
divergence between theory and experiment and to 
warrant attempts to modify the theory to conform more 
closely to the experimental curves. The second goal 
was to compare A(EB) vs EB in both n- and ^-type 
silicon in order to determine whether one could infer 
differences in the primary defect introduction processes 
from the shapes of the two curves. 

As regards the first of these goals, silicon junction 
technology has advanced considerably in the years since 
the earlier experiments were performed. The alloy 
junctions used in that study were really equivalent to 
"thick" targets, i.e., the damage region did not extend 
throughout the active region of the p-n junction so that 
these data required corrections of dubious validity 

5 W. L. Brown and W. M. Augustyniak, J. Appl. Phys. 30, 
1300 (1959). 
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FIG. 1. Density of ionization as a function 
of penetration into aluminum. 

before one could begin to compare them with theory. 
Furthermore, "an appreciable contact series resistance"1 

affected the interpretation of the silicon data. Both of 
these problems were eliminated in this study by the use 
of diffused junctions which have thinner active regions 
and no contact resistance problems. The accuracy of 
the data was further improved by devising a null detec­
tion circuit which made it possible to measure much 
smaller defect introduction rates than in the earlier 
experiments. 

While these considerations justify a more thorough 
examination of the A (EB) vs EB curve in silicon of either 
conductivity type, a few words are needed to explain 
why this study was extended to include both n- and 
£-type material. Previous studies2"4 had led to the con­
clusion that electrons with energies between 0.7 and 4.5 
MeV introduce levels at 0.03, 0.17, and 0.4 eV below the 
conduction band energy Ecy and at 0.055 and 0.27 eV in 
excess of the valence band energy Ev. Only the deep-
lying levels, i.e., those at £ c - 0 . 1 7 , £ c - 0 . 4 0 , and 
£,,+0.27 eV, are possible sites for minority carrier 
recombination, and it must be certain of these levels 
which caused the changes in r used to measure EBQ and 
A(EB) as a function of EB. Two investigations have 
been concerned with the problem of determining the 
roles played by these three deep-lying levels in the 
recombination process. According to Wertheim's study, 
recombination of minority holes in ^-type Si proceeds 
via the level at Ev+0.27 eV, whereas minority electrons 
in ^-type Si recombine through the level at Ec—0.17 eV. 
Furthermore, Wertheim hypothesized that the damage 
site associated with the J5„+0.27-eV level contained 
two defects separated by 50 A whereas the defect at 

Ec—0.16 eV consisted of close spaced defects of opposite 
charges. Subsequent work by Watkins and Corbett6 has 
led to the conclusion that a level at Ec~0.17 eV con­
sists of an oxygen atom in a lattice vacancy which is 
not in agreement with Wertheim's description of the 
damage site. To complicate matters further, Wertheim's 
interpretation of the recombination process in silicon 
has been challenged by Galkin et al* who pointed out 
certain difficulties in Wertheim's treatment of his data 
and re-examined the problem both experimentally and 
theoretically. They concluded that hole recombination 
in n-type silicon occurs via the level at Ec—0.16 eV, 
which is in sharp disagreement with Wertheim's conclu­
sion. In an even more recent publication, Malovetskaya 
et al.7 have proposed, on rather weak evidence, that the 
defect responsible for the level at Ev-{-0.27 eV consists 
of an oxygen atom in association with an interstitial 
silicon atom produced during the irradiation. If such a 
complementarity exists between the lifetime controlling 
defects in n- and ^-type silicon, then the shapes of the 
A(EB) VS EB curves in the two materials ought to be 
the same. If the microscopic makeup of the defects does 
not possess such complementarity, then the shape of 
the curves could be different and one might even expect 
to observe differences in EB0 values. 

II. GENERAL DISCUSSION OF THE EXPERIMENT 

In our experiments, changes in the p-n junction 
short-circuit current per unit area Is associated with 
minority carriers injected into a body of the semi­
conductor as a result of the ionization caused by the 
defect-producing electrons were used to detect the 
radiation defects in a manner similar to that described 
in reference 1. I t was shown there that the minority 
carrier lifetime r was related to the radiation flux <p as 
follows: 

1 1 
—~ = -~+vfBA(EB)ac<p, (1) 
T(<P) r (0) 

where r(<p) is the minority carrier lifetime after an 
exposure to a flux <p, r (0) is the initial value of lifetime, 
v is the thermal velocity of the carriers, fB is the 
occupancy factor for the bombardment induced recom­
bination centers,8 crc is the minority carrier capture 
cross section of the centers, and A(EB) is the probability 
that an electron of energy EB will produce a recombina­
tion center. This equation will remain applicable 
provided that (1) the injection level is small, and (2) 
the majority carrier concentration is large compared to 
the number of recombination centers introduced by the 
radiation so that the Fermi level does not change during 
the irradiation. 

6 G. D. Watkins and J. W. Corbett, Phys. Rev. 121, 1001 (1961). 
7 V. M. Malovetskaya, G. N. Galkin, and V. S. Vavilov, Fiz. 

Tverd. Tela 4, 1372 (1962). 
8 W. Shockley and W. T. Read. fhys. Rev. 87s 835 (1952); 

R. N, Hall, ibid. 87, 835 (1952), 
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By means of a circuit described below, the actual 
parameter we monitored was the ratio (IS/IB) as a 
function of integrated flux; this ratio represents the 
current multiplication in the solid, i.e., the number of 
-electron-hole pairs produced in the solid for each 
primary electron incident on the sample, so that by 
definition 

I.(<p)/IB(<p) = m(<p), (2) 

where m(<p) is the multiplication after exposure to a 
flux <p. If the diffusion length L in the semiconductor is 
much greater than the range of the electrons, every 
minority carrier produced by the primary beam is 
collected by the junction and the multiplication for this 
particular case (designated mo) is given by 

mo=EB/w0, (3) 

where wQ is the average energy expended in generating 
an* electron-hole pair. For silicon, the measured value of 
2̂ 0 is 3.6 eV/pair.9 

If, on the other hand, the minority carrier diffusion 
length is small compared to the range of the electrons R, 
then 

I.= egL, (4) 

where e is the electronic charge and g is the generation 
rate per cc. Equation (4) is valid only if the generation 
can be considered uniform over a few diffusion lengths. 
This condition is roughly satisfied in the junctions used 
for the experiments described in this paper (L lies 
between 25 and 50 JJL whereas R lies between 120/x for 
150-keV electrons and 600/x for 500-keV electrons). 
Figure 1 shows the actual distribution of ionization with 
distance as given in the literature. If the experimental 
curve is approximated by the rectangle shown in the 
figure, then the assumed uniform generation rate 
becomes 

g=(EB/w0R)(IB/e). (5) 

As is evident from Fig. 1, the approximation is weakest 
for the low-energy electrons. If Eq. (5) is combined with 
the relation L = (Z>r)1/2, where D is the minority carrier 
diffusion constant, then one can write 

Is= (EB/WOR)D1^IBT1^ (6) 

Substitution of (6) into (1) and rearrangement of 
terms leads to 

f 1 I " ] wo2 

• =—vfBarcA(EB)<p, (7) 

where J«(0) and I*(<p) are the initial value of Is and its 
value after the cell is exposed to a flux <p. 

If we use the definition 

w(<p) = EBIB(<p)/RIs(<p) = EB/Rm(<p), (8) 

where w((p) is the apparent energy expended per elec-

9 K, G. McKay, Phys. Rev, 84, 829 (1951). 

tron pair generated, then Eq. (7) becomes 

tw(<p)J-[w(0)J^Aw2= (w0
2/D)vfB<rMEB)cp. (9) 

In the computation of w, we assumed that 
7^412^(i-265-o.0954 inE) m g / c m

2 as given by Katz and 

Penfold.10 

According to Eq. (9), plots of w2 versus <p should be 
linear. The slope of the lines is given by 

dw2 w<? 
= — v f B a c A ( E B ) . 

dip D 
(10) 

For identical cells exposed to electrons of various 
energies EB, the slopes of these lines will be proportional 
to A(EB). 

The experiments described in reference 1 were based 
on this idea; they involved a measurement of Is as a 
function of flux in junctions made by alloying an ^-type 
region into a ^-type base. However, the surface onto 
which the electrons were directed was 0.020 cm from 
the junction so that instead of measuring the probability 
of defect production by electrons of energy EBi those 
experiments yielded a kind of integrated probability for 
defect production since the passage of electrons through 
the thick region into which defects were being injected 
changed the energy of the incident electrons.11 I t was 
therefore difficult to compare such curves with theoret­
ical curves for the probability of defect production as a 
function of energy which are most reliably calculated 
for a "thin" target.12 In the experiments described in 
this paper, diffused p-n junctions were deliberately 
chosen because it was known that the active region of 
the junctions (i.e., the sum of diffusion lengths on both 
sides of the junction) extends only to a depth of 25 to 
50 ju below the surface. The junction itself was located 
between 1.0 and 10 ju from the surface so that such 
structures provided considerably thinner probes for 
radiation defects than did the previously utilized alloy 
junctions. Such thin probes would make possible more 
meaningful comparisons to the rate of defect production 
predicted by atomic collision theory.12 

III. EXPERIMENTAL PROCEDURE 

A. Description of the Cells 

The p-n cells were either commercially available cells13 

or else cells made in the laboratory by diffusion of boron 
into As-doped w-type wafers of 1 to 3 O cm initial 
resistivity. The n-p cells were made by diffusing 
phosphorus, antimony or arsenic into boron-doped 

10 L. Katz and A. S. Penfold, Revs. Modern Phys. 24, 28 (1952). 
11 J. J. Loferski and P. Rappaport, J. Appl. Phys. 30, 1296 

(1952). 
12 W. A. McKinley, Jr., and H. Feshbach, Phys. Rev. 74, 1759 

(1948). 
13 Purchased from Hoffman Semiconductors, Base resistivity 

"•"4 S2 cm, 
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FIG. 2. Schematic diagram of circuit for recording IS/IB. 

p-type wafers14 of 1 to 3 12 cm initial resistivity. Some of 
the ^-type wafers were cut from floating zone crystals 
(1-3 ti cm resistivity) whose O2 content was lower than 
that of pulled crystals by a factor of about 102. Suitable 
Ohmic contacts were affixed to both sides of the junc­
tions. The resulting structures had measured solar 
energy conversion efficiencies of about 10%. When they 
were irradiated by 125-keV electrons, the measured 
value of the product Rw(0) lay between 4 and 5 eV/pair 
for both varieties of cells used in this study. In general, 
Rw(Q) values were lower in n-p cells than in p-n cells. 
The observed values of Rw(0) indicate that r(0) was 
about the same for both varieties of cells. The cells 
whose dimensions were about 0.6X0.6X0.050 cm 
were mounted in the vacuum system of a Van de 
Graaff machine on a water-cooled copper block and 
were irradiated by electrons in about 10-keV steps 
starting from 125 keV. 

B. Ratio Recording Circuit 

Figure 2 shows how the cell was connected into a 
circuit designed to detect very small changes in the 
I8/IB ratio. In this figure, the irradiated junction has a 
load resistance RL whose value is chosen to be low 
enough so that the current flowing through it will in fact 
be very nearly equal to the short circuit current Is. The 
junction was so connected into the circuit that Is and 
the beam current IB were directed as shown by the 
arrows in the figure. The beam current IB passed to 
ground through the fixed resistor RBi, the variable 
resistor RB2 and ammeter A. The ammeter permitted a 
direct measurement of IB and an integration of the 
total charge passing through the cell. If the resistances 
are so chosen that 

IS/IB=(RBI+RB2+RA)/RL (11) 

where RA is the ammeter resistance, the point X will be 
at ground potential. The rest of the circuit is designed 
to change RBI in such a way that the null condition 
Eq. (11) is satisfied at all times. The combination of the 

14 Most of the phosphorus-doped n-p cells were made at U. S. 
Army Signal Research and Development Laboratory, Ft. Mon­
mouth, New Jersey, by Joseph Mandelkorn. Details of their 
fabrication have been described in a separate publication Q . 
Mandelkorn, C. McAfee, J. Kesperis, L. Schwartz, and W, Pharo, 
J. Electrochem. Soc. 109, 313 (1962)]. 

large shunt resistance R&, where Rah^>(RB2-\-RB2-\-RA), 
and dc amplifier, G, serves as a null detector. The out­
put of the amplifier was fed into the servo amplifier of a 
Brown Electronik Recorder whose potentiometer had 
been disabled. A single turn slide wire potentiometer 
which constituted RB2 was driven by the amplifier 
motor M. The motor was also coupled to the pen of the 
recorder. The position of the pen on the strip chart 
could be simply related to the value of RB2 needed to 
preserve a null. The circuit can be made extremely 
sensitive to the IS/IB ratio. For example, if RB2 is 
chosen to be say 1% of (RBI+RA), a 1% change in 
IS/IB will cause the pen to move from one end of the 
strip chart to the other. Besides this sensitivity the fact 
that the circuit records the ratio IS/IB instead of Is 

alone means that the difficulties associated with drift in 
IB from the Van de Graaff are eliminated. Because of 
this, it was possible to maintain EB constant within 
± 1 % (by means of a servo circuit associated with the 
generating voltmeter of the Van de Graaff) without 
having to compensate for IB changes. 

IV. LOCATION OF THE DAMAGED REGION BY 
ANALYZING SPECTRAL RESPONSE CURVES 

A number of recent publications15 describe how one 
can determine the values of diffusion length L on both 
sides of p-n junctions by analyzing photovoltaic spectral 
response curves. I t has also been pointed out that 
changes in L can be followed very easily in this way. The 

INCIDENT FLUX 

10 15 

(I016 ELECTRONS) 

FIG. 3. Plot of [w(4>)22—[w(Q)22 vs electron flux for a silicon 
n-p cell at 215 and 225 keV. 

15 J. J. Wysocki and J. J. Loferski, RCA Rev. 22, 38 (1961); 
V. K. Subashev, Soviet Phys.—Solid State 1, 1344 (1960); B. Dale 
and F. P. Smith, J. Appl. Phys. 32, 1377 (1961). 
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FIG. 4. Relative damage rates of silicon p-n and n-p cells 
as a function of electron energy. 

spectral response of the p-n and n-p cells before and 
after irradiation by 250-, 300-, and 800-keV electrons 
was measured by Wysocki and Faughnan of these 
laboratories, who found that the principal change 
occurred in the long-wavelength response, i.e., the 
response to penetrating radiation. One is therefore led 
to conclude that the defects which»are producing the 
observed decay in r are not those injected into the 
diffused skin, but rather those generated in the base 
wafer which contributes the large portion of the long-
wavelength response. This assertion is further supported 
by the fact that the thin ( < 1 /x thick) diffused skin 
contains a very high initial concentration of recombina­
tion centers [low r (0) ] so that very large additional 
concentrations would be needed before any change 
would be detected in the response to highly absorbed 
radiation. 

V. EXPERIMENTAL RESULTS 

When [w(<p)22 was plotted vs (p, as shown in Fig. 3, it 
was found that the linear relation predicted by Eq. (9) 
was in fact satisfied. The slopes of these lines, deter­
mined by a least-squares fit with the help of a computer, 
are shown in Fig. 4 for p-n and n-p cells. The dashed line 
in Fig. 4 was drawn through the n-p points considered 
most reliable. This curve was multiplied by a constant 
to give the best fit to the p-n points, and the result is 
shown as a solid line, which was extrapolated to lower 
energy. The separation of the two curves correspond to 
a factor of 220 in the value of dw2/d<p at a given energy. 

First of all, note that there is considerable scatter 
within data for each kind of cell. Even after allowance 
for this scatter, it is clear that the slopes of the lines are 
higher for p-n than for n-p cells. This rather considerable 
difference in damage rates increased the difficulty of 
detecting damage below 225 keV in the n-p cells. For 
example, in order to determine the value of the slope at 
200 keV a cell was irradiated for 26.1 h at a current of 

2.5 ^A which was the maximum current which could be 
tolerated without causing a temperature rise in the cell. 
The total flux was therefore 3.8X 1018 electrons per cm2. 
Even after this long irradiation the existence of damage 
was not confirmed with absolute certainty. 

Figure 4 also shows decay rates for cells made by 
diffusing Sb and As into boron-doped ^-type wafers of 
1 to 3 12 cm resistivity. The initial values of w in these 
cells indicated that r(0) was very low, i.e., there was a 
large concentration of recombination centers in the 
active region of the cells at the outset. Because of the 
low values of A(EB) in the vicinity of EBO, it was not 
possible to introduce enough recombination centers into 
the active region of the cells for any reasonable com­
bination of irradiation time and flux to produce a 
detectable change in w(0) at energies below 300 keV. 
For energies in excess of 300 keV where damage was 
discernible, the measured values of dw2/d<p turned out 
to be as shown in the figure, i.e., very nearly the same 
as the values of this parameter in the "standard" 
phosphorus-doped cells. Thus, the method of n-p 
junction fabrication did not affect either the shape of 
the A(EB) VS EB curve nor the absolute value of the 
dw2/d<p. 

A few n-p cells were made by diffusing phosphorus 
into boron-doped p-type wafers which were character­
ized by oxygen concentrations of about 1013 to 1015 per cc 
as compared to 1017 per cc in the "standard" wafers 
used in cell fabrication. The resistivity of these wafers 
lay between 1 and 3 0 cm. As is evident from the figure, 
the values of dw2/d(p fox these cells were not significantly 
different from the values for the "standard" cells. 

VI. DISCUSSION OF RESULTS 

According to Eq. (7), the slopes of the Aw2 vs <p lines 
are given by (wo2/D)<rcA(EB)vfB. As we have already 
pointed out, if the observations are confined to cells of 
a given resistivity type and resistivity value and if the 
Fermi level does not change during the irradiation, the 
shape of the curves should trace out A(EB) vs EB. 
Suppose that the radiation defect production process 
involves nothing more than the displacement of atoms 
from lattice sites as a result of Coulomb scattering by 
electrons. Assume further that there is a sharp threshold 
energy EBO for this displacement process. Then the 
probability of displacing an atom as a function of 
electron energy can be computed by using the 
McKinley-Feshbach12 analysis of this scattering prob­
lem, as has been done in references 1 and 5. Their treat­
ment applies to an infinitely thin target, i.e., a target so 
thin that the energy of the electrons does not change 
appreciably during passage through it. The active 
region of the diffused cells which is between 25 and 50 /x 
thick is a reasonable approximation to this condition, 
at least for energies somewhat above EBo; it is certainly 
a better approximation to a thin target than the alloy 
junctions used in the experiments described in reference 
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FIG. 5. Comparison of the energy dependence of theoretical 
and experimental rates of damage. 

1. Figure 5 includes McKinley-Feshbach curves for the 
defect-production cross section as a function of EB com­
puted for three different threshold values in silicon, viz., 
140, 150, and 225 keV. (The experiments do not yield 
absolute values of the cross section so that the ordinate 
of the experimental curves was chosen arbitrarily 
although the relative locations of the two experimental 
curves conform to the data.) I t is obvious that the 
experimental curves do not have the same shape as do 
the theoretical ones. Now Yurkov16 has calculated the 
total number of defects which can be produced by 
electrons in a target thick enough to stop them as a 
function of EB. He also assumed a single discrete value 
of EBo (150 keV). His calculation can be looked upon 
as a limit on the amount by which target thickness can 
modify the McKinley-Feshbach curve. His results are 
also included in Fig. 5, where it can be seen that the 
sharp knee of the McKinley-Feshbach curve has been 
softened considerably as a result of target thickness. 
However, our experimental curves rise even more 
gradually than do the Yurkov curves. I t would there­
fore appear that the basic assumption of a sharp 
threshold and the consequent generation of vacancies 
which underlie the theoretical calculations do not 
provide an adequate description of the defect produc­
tion process in silicon. Possible causes of this lack of 
agreement between theory and experiment were dis­
cussed in references 1 and 5 and their effects should be 
considered briefly. The isotope effect would not be as 
significant in silicon as in germanium because the 
spread of atomic weights for the principal isotopes in 
silicon is not very large. Target thickness could still be 

16 B. Ya. Yurkov, Soviet Phys.—Solid State 2, 2412 (1961). 

affecting the curve shape, but the fact that the experi­
mental curve lies outside the range defined by calcula­
tions for thin and thick target implies that the observed 
discrepancy between the theoretical and experimental 
curve shapes cannot be explained in this way. Depend­
ence of threshold on the initial direction of motion of 
the struck atom and a possible contribution from tem­
perature broadening are two remaining mechanisms 
which might possibly account for the experimental 
curve shape. A better theory for orientation effects in 
silicon is needed before it will become profitable to 
modify theoretical curves to secure a better fit with 
experiment. 

As for the role played by impurities in the defect 
production process, the fact that n-p cells with low and 
high oxygen concentrations exhibited similar A(EB) vs 
EB curves can be interpreted to mean that the concen­
tration of this impurity which is known to affect the 
introduction rate of a particular kind of defect (the A 
center)6 does not change the introduction rate in ^-type 
silicon. (According to Wertheim, the A center controls 
r in ^>-type material.) We are therefore tempted to 
conclude that whatever the structure of the defect on an 
atomic plane, the rate determining process (which as 
we shall show is essentially the same in n- and ^-type 
silicon) is probably the scattering of an electron by a 
nucleus where the'nucleus receives sufficient kinetic 
energy to leave its lattice site thus forming a vacancy. 
If this be the case, then we remain unable to explain why 
the experimental A(EB) vs EB curve obtained during 
this investigation does not conform more closely to 
theory. Such a disagreement between theory and ex­
periment had previously been reported in germanium1-5 

so that these semiconductors exhibit similar behavior 
in this respect. 

Let us now direct our attention to the difference in 
damage rates exhibited by the two experimental curves 
for n-p and p-n cells. On the basis of the spectral 
response data cited above, it must be assumed that 
most of the damage with which we are concerned is 
occurring in the base material, i.e., in the ^-type 
material of the p-n cells and in ^-type materials of the 
n-p cells. With this in mind, consider the parameters 
which contribute to the measured value of the slope. 
Since wG is a basic parameter, it is the same for both 
resistivity types. Furthermore, the value of fs does not 
change during irradiation because the Fermi level does 
not shift. If we use the Einstein relation to compute the 
minority carrier diffusion constants Dn and Dp from the 
mobility values in 1 0 cm material, we obtain the ratio 
Dn/Dp=1.6 where Dp is the diffusion constant of holes 
in T^-type material, and Dn of electrons in ^>-type 
material. We can derive the ratio of the mean thermal 
velocities of carriers from elementary kinetic theory and 
the effective masses as vn/vp=(mp/mn)

ll2^.lA. From 
these considerations, one is led to conclude that when 
one compares the damage rates of the two kinds of cells, 
one is in fact comparing the ratio of the values of 
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(rcA(EB)v/Dior the two. Let r(Es) be defined as the ratio 
of the experimentally measured decay rates as follows: 

Dp [_crcA(EB)~]pVn 

where the subscripts n and p outside the brackets refer 
to the p-n and n-p cells, respectively. If we substitute 
the known value of Dpvp/Dvvn~\.6/\A=\Ay we can 
define r' (EB) thus: 

r' {EB) = r (EB)/1.1 = [>CA (£* ) ]Vf r *A (EB)~]P. (13) 

From the experimental curves in Fig. 4, /(EB) has a 
value of about 200. The problem reduces to the follow­
ing : How much of this ratio can be ascribed to a differ­
ence of (jc values and how much to a difference in A (EB) 
values? 

According to Wertheim,2 who studied damage intro­
duction rates in n- and ^-type silicon for EB— 700 keV, 
the value of ac was 8.0X10 -13 cm2 for holes in n-type 
silicon and 2X 10~~15 cm2 for electrons in ^>-type material. 
Thus his data would lead one to expect a ratio of 400 
in <TC values in the two resistivity types at 700 keV. The 
data presented here indicate that the ratio of damage 
rates is of this same order of magnitude, so that this 
difference in damage rates for the two kinds of silicon 
can perhaps be contributed wholly to a difference in ac 

values.17 If this is so, then A(EB) has the same magni­
tude in both n- and ^>-type silicon, i.e., the process of 
defect introduction is virtually the same in the two 
conductivity types. This would support the proposal of 
Malovetskaya et aV that the interstitial silicon atom 
plays the same role in ^-type silicon as that attributed 
to the vacancy in ^-type material. 

In order to eliminate completely the possibility that 
EBO differs in n- and ^-type silicon, our data on n-p cells 
should be extended to lower energies. I t is difficult, 
however, to maintain constant irradiation conditions 

17 Note that Galkin et at. (reference 4) compute a considerably 
different value for ac in w-type material but since they do not give 
a value for ^-type material, it is not possible to use their results to 
explain our data. 

for periods of the order of 50 to 100 h. During such long 
irradiations, the surface of the samples becomes covered 
by a bombardment-induced deposit which could cause 
a difference in surface properties resulting in an 
apparent change in Is. 

At this point, an observation on the general problem 
of threshold determinations in semiconductors is 
appropriate. In the case of the n-p cells, it was very 
difficult to observe any damage caused by electrons of 
EB less than 200 keV. Changes were detectable only for 
exceedingly large integrated fluxes and even after such 
fluxes, the possibility of different radiation damage 
thresholds in n- and ^-type silicon has not been com­
pletely eliminated. If the only cells at our disposal had 
been n-p cells, we would have been inclined to conclude 
that ESQ was about 200 keV. In a study of damage 
thresholds based on measurements of changes in 
conductivity, Novak18 has also observed large differ­
ences in damage introduction rates for n- and ^>-type 
silicon, which could also be interpreted as differences 
in EBO. All previous measurements of EBO in semicon­
ductors have been made on one resistivity type or one 
kind of p-n junction. The observations reported in this 
paper and the experiments of Novak suggest that it is 
prudent to measure EBO in both resistivity types since 
substantial differences in damage rates and of the 
apparent values of EBO may exist. 
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