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Abstract

Resistivity changes of n-type float-zone silicon crystals with 6.4X10* to 1.25X10'7 phos-
phorus atoms/cm® due to irradiation by (1) 1 MeV electrons, (2) two types of research
reactors, and (3) Co® y.ray sources were investigated. The results were analyzed on the basis
of a simple exponential formula derived by Buehler. While the formula gave a fair fit in the
low fiuence range in most cases, the deviation was quite appreciable in the case of 1 MeV
electron irradiation, and a linear change gave better fit in some cases. The large change in
the carrier removal rate in electron-irradiated samples in the high fluence range was analyzed
in detail in terms of the Fermi level cross-over of the defect levels. Based on the damage
constants evaluated from the initial portion of data where the formula was applicable, the
relative effectiveness of various radiation sources in causing the resistivity change in n-type
silicon was compared. The TRIGA Mark II reactor neutrons, for example, were found to be
about 40 times more effective than 1 MeV electrons. The dependence of the damage constant
on the initial carrier concentration was also examined. The physical basis of the exponential
law and the effect of the Fermi level cross-over of the defect levels on the resistivity
change in the high fluence ranges are discussed.
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1. Introduction

The Santa Fe Conference on Radiation Effects
in Semiconductors in October, 1967, marked ghe
20th anniversary of the earliest experiments in
this field:™? Since 1947 when the electrical pro-
perties of silicon and germanium were found to
be profoundly affected by nuclear radiations, a
flourishing research field has been developed, and
a huge bulk of work accumulated on this subject.”
However, the overall systematic formulation of
the fragmentary data on various effects, particular-
ly to bridge the gap between the experimental
physics and practical application is in its incipient
stages.

The irradiation produces two types of electrical
effects on the semiconductors; one is the imme-
diate transient ionization and the second longer
lasting cumulative lattice displacements. Intensive
investigations on the effect of the former are still
being carried out in connection with the device
performance immediately after the nuclear ex-
plosion, and part of the results found applica-
tions in the fabrication of solid state particle
detectors. The Ilatter causes the decrease in
conductivities (that is, increase in resistivities)
and the shortening of minority carrier lifetimes.
While the change in the minorit.y carrier lifetime
is perhaps the most sensitive indication of radia-
tion, the resistivity change is more direct and
convenient means of detecting the radiation effects.
The following discussions are confined to the
lattice displacement effects.

The rate of the change of electrical properties
is dependent on (1) the dopant or impurity atoms
and their concentration, (2) the material prepar-
ation {oxygen concentration, dislocation density,
and other electrically inactive imperfections), (3)
direction of irradiation with respect to crystallo-
graphic orientation and irradiation temperature, (4)
the type of radiation sources and the energy
spectrum of the incident particles, (5) the amount
of irradiation accumulated (fluence), and even on

the rate of irradiation (flux), in some cases.
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Recently efforts have been directed toward estab-
lishing an overall description of the effects of those
parameters, primarily to bridge the gap between
experimental physics and the device design. One
of the latest of such work is the one reported by
Buehler.™ He combined the empirical exponential
change of the resistivity of silicon due to fast
neutron irradiation and the initial carrier concen-
tration dependence of carrier removal rate, and
derived an empirical formula. The formula fits
relatively well in the low fluence range, and can
be used to estimate the resistivity change of sili-
con under irradiation for the device design pur-
pose.

In this work the experimental results of the
resistivity changes in n-type silicon due to irrad-
iation by (1) 1 MeV electrons, (2) two types of
research reactors, and (3) Co® r-ray sources were
analyzed on the basis of Buehler’s formula. An
attempt was made to compare the effectiveness of
various radiation sources in causing the resistivity
change in silicon. By suitably defining the average
reactor neutron energy,™? the rate of resistivity
change of silicon can be related to the reactor
power level. The limitation in the applicability of
the simple formula is also discussed.

2. Background

General: The resistivity of a material is in-
versely proportional to carrier concentration and
mobility. Unlike in metals, the mobility change in
irradiated semiconductors is relatively unimpor-
tant and the change in carrier concentration is
the dominant effect of the radiation-induced
lattice displacements. The rate of decrease of
carrier concentration (per unit fluence) is called
the carrier removal rate. The lattice defects
produced by atomic displacements and the subs-
equent motions of primary defects (vacancy and
interstitial pairs) give rise to carrier trapping
centers having the trapping energy levels (char-
acteristic of the microscopic structure of the de-
fects, and hence, the material and the incident
radiations) in the forbidden energy gap. From
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optical and EPR experiments, as well as Hall co-
efficient and minority carrier lifetime measure-
ments, a number of shallow and deep defect levels
has been determined in irradiated silicon and
germanium.®~? As the defect levels lying above
the Fermi level of the material are inactive in
carrier removal, the carrier removal rate is de-
pendent on the Fermi level (and hence, on the
initial carrier concentration). Therefore, by meas-
uring the carrier removal rate on a group of sam-
ples with different Fermi levels, the defect levels
and the the introduction rate of these defects can
be determined.®

Since the Fermi level, in turn, recedes into the
middle of the energy gap toward the intrinsic
value as the free carrier concentration decreases,
the carrier removal rate changes drastically as the
irradiation progresses. Moreover, the charge state
of defect not only modifies the carrier capture
cross section, but also may affect the stability of
the defect configuration, to a certain extent. Thus
the carrier concentration and the resistivity after
.a prolonged irradiation vary with the fluence in
a very complicated way.

Mathematical Formulation: As described by
Hill,'® the initial carrier removal rate for a single
defect level can be expressed in terms of a given
defect level Ez and the Fermi level Er in the
initial stage of irradiation as follows:

dn Ap o)

T T epPaEe
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where Ajp is the introduction rate of the defects.
The a is the statistical weight (or degeneracy)
ratio determined by the numbher of ways the elec-
trons in the defect rearrange themselves with
the addition of a trapped electron.

The Fermi level, on the other hand, is defined
by ©@
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is the density of state in the conduction band for

effective mass m,, and E¢ is the conduction band
edge. On introducing the approximation, one
obtains the carrier removal rate in terms of

carrier concentration:
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pected to decrease nearly exponentially. The effect

), the carrier concentration is ex-

of the presence of more than one trap levels and
the method of determining the defect levels are de-
scribed by Blackemore,® Sonder and Templeton,[1®
Saito and Hirata,"? Vitovskii, Mashovets, and Ryv-
kin,“ and by Buehler and Kendall,"® to name only
a few. The carrier concentration and resistivity
as a function of fluence are much more difficult
to predict quantitatively, on other than empirical
basis.

Empirical Formula: Experimentally the initial
carrier removal rate in irradiated silicon is found
to depend on the initial carrier concentration ap-

proximately as
dn

T e e
where the coeflicient K, ranged 444 to 3300 for

n-type material in various nuclear reactors.®

— Kn no-23 (4)

The resistivity, on the other hand, is found,
to vary exponentially, consistent with the change
in carrier concentration expected from Eg. (3)
and the assumption of only a small change in
mobility, in the early stage of irradiation:

p:poexpl% O]
where %, is called the damage constant and is the
fluence needed to bring about the resistivity
change of a factor of e¢. The k, thus is a measure
of effectiveness of a radiation source in producing
the resistivity change in a given material. In

other words, the effect of all experimental para-
meters such as material characteristics and irradi-

ation condition described earlier is lumped in this
way into a single parameter k,. While limited in

the applicability, this formula provides a quanti-
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tative basis for comparison of the effectiveness ',

of electrical damage of different radiation sources,
say, with respect to 1 MeV electrons.

By equating the initial carrier removal rate ex-
pected from Eq. (5) with Eq. (4), Buehler derived
an empirical expression for the resistivity change
in silicon for various initial carrier concentra-
tions:

p=p, explo/K,n,07]. (6)
Figures 1(a) and 1(b) show the plot of Eq.(6),
“the design curve” for p-type and n-type silicon
based on the highest value of initial carrier re-
moval rate (K,=387 and K,=444) observed in
reactor-irradiated silicon so far.

Application of the Empirical Formula: In the

case of reactor irradiation, Kantz found a linear
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changes in silicon. (Based on assumptions
described in Ref. 3.)
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relation between the carrier removal rate in sili-
con and the average reactor neutron energy when
the latter was suitably defined."? Thus the dam-
age constant of the resistivity change in silicon
can be directly related to the average reactor
neutron energy. And since the neutron energy
spectrum is supposed to be nearly independent of
the power level of the reactor, the resistivity
change provides a simple and convenient way of
measuring and accumulating the neutron flux, and
hence, the record of the reactor output level.19
As will be discussed below in comparison with
the actual experimental data, the applicability of’
the simple formula Eq. (5), is very limited, and
there are cases where the resistivity change is
almost linear with fluence, particularly in the area

removed from the reactor core.

3. Experimental

3.1 Sample Preparation and
Electrical Measurements

The present experiments were confined to four
batches of n-type float zone silicon single crystals.
(The oxygen content of the float zone materials
is quoted to be of the order of 10'%/cm3) The
initial resistivities ranged from 0.077 to 7.9 ohm-
cm, corresponding to phosphorus concentration
of 1.25X10'7 to 6.4X 10" atoms/cm?. The crystals
were cut in bridge shape with an ultrasonic cutter
(see Fig.2) and the surfaces were sandblasted to
a satin finish. This configuration minimizes the
electric field distortion due to the proximity of the
finite-sized metallic contacts. The electrical leads.
were attached by (1) spot welding of gold wire

Bridge-shaped sample’ for resistivity meas--
urements.

Fig. 2.
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(doped with 0.1 weight % antimony) on some
and (2) ultrasonic soldering of indium on others.
The current and voltage were measured with a
portable potentiometer and a network of standard
resistors. As discussed below, the temperature of
the crystals during irradiation was 10 to 50°C
above room temperature. The resistivity measure-
ments were made iz sity, that is, with the sam-
ples in the irridiation position. The Hall coeffi-
cients of electron-irradiated silicons were meas-
ured periodically over the temperature range of
4.2 to 300°K to check the mobility change.

3.2 Irradiation

Eleetron irradiation: The 1 MeV electron irrad-
iation was performed at the Van de Graaff facility
of Bell Telephone Laboratories in Murray Hill,
N.],, over a span of several months. The beam
current used was 50 to 100 zA. Aluminum scatt-
ering foils insured a fairly uniform beam distri-
bution over the samples. The actual beam density
and the distribution profile were determined with
a Faraday cup. The temperature of the samples
was maintained close to room temperature by
mounting the crystals on a water-cooled copper
block, insulated with a thin mica sheet. A stream
of dry nitrogen gas was directed at the surface
of the samples to reduce the surface heating dur-
ing the irradiation. The resistivity measurements
were made from the adjoining control room
separated from the irradiation area by a concrete
wall. The electron beam was interrupted by a
shutter at a five to ten minutes interval for resis-
tivity measurements with the samples in place. The
electron irradiation was discontinued periodically
to perform Hall coefficient measurements as a
function of temperature from 4.2 to 300°K. In
spite of the precaution to minimize the thermal
annealing, some spontaneous recovery of resis-
tivity was noted after a series of Hall coeflicient
measurements. The fluence accumulated over three
hours at a time amounted to 6.0X10' electrons/

cm?

In the wmuclear reactor and gamma-ray irradia-

tions where the irradiations were performed under-
water, the sample block and electric leads were
contained in a long dog-legged aluminum tubing
to allow the resistivity measurements 5 sifu. The
bend in the dog-legged portion of the tubing mini-
mized the streaming of the soft gamma-ray from
the sample block area. The radioactivity level at
the top of the tubing was within the safety stand-
ard. The temperature of the sample was estimated
from the resistivity value extraporated to zero
fluence and the resistivity vs temperature data
taken prior to the irradiation. While the resistivity
change of high resistivity material was much too
rapid for this purpose, in low resistivity materials
this method gave fairly reliable temperature
estimate. The resistivities were measured at one
to ten minute interval depending on the rate of
resistivity change.

Battelle Research Reactor: The power level of
the reactor was 2 MW. The sample block was
lined with a cadmium shield to reduce the ther-
mal neutron flux and suspended about 60 cm
above the reactor core. The aluminum tubing was
purged continuously with dry nitrogen gas to
prevent the accumulation of radioactive gases. No
other provision for cooling the sample block was
made. The fast neutron fluence was calibrated
against the activation of nickel wire enclosed in
the sample block. The total time of irradiation
was 26 hours and the calibrated fast neutron
fluence 4.3X10n/cm?.

TRIGA Mark II Reactor: The power level of
the TRIGA Mark II research reactor of the Korean
Atomic Energy Research Institute was 100 kW
at the time. The samples were placed in one of
the dummy element position in the core. The
cadmium shield and nitrogen gas purging of the
tubing were omitted in this case. The total irrad-
iation time was 29 hours over a period of six
days. The fast neutron fluence was 4.8X1018
n/cm?, based on the fast neutron flux of 4. 2x101
n/cm?esec obtained in a separate nickel activation
experiment by H. J. Kim and H. I. Pak of KAERI.

Co® gamma-ray irradiation: The Co® gamma-
ray irradiation was performed at the gamma-ray
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irradiation facility of the Atoms-in-Action Exhib-
ition in Seoul, sponsored by the U.S. Atomic
Energy Commission. The nominal activity of Co%
was quoted to be 4500 curies. The aluminum tub-
ing containing the sample block and electric leads
was positioned in one of the underwater irradia-
tion rack. The gamma-ray flux in the sample block
area was checked by a solar-cell detector and was
4.38%10° rad/hour. The irradiation was carried
out for 120 hours over a period of one week. The
total dosage was 5.76X107 rad being equivalent
to 9. 12X 10 photons/cm?

4. Results and Discussion

4.1 1 MeV Electron Irradiation

The result of the resistivity change measure-
ments on 0.5 and 0. 08 chm-cm n-type silicon crys-
tals in the early stage of 1 MeV electron irrad-
iation is shown in Fig. 3. The temperature of the
samples during irradiation was about 35°C. A
spontaneous recovery of resistivity of about 10%
in the 0.08 ohm-cm material after a series of Hall
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coefficient meausrements can be seen on the lower
curve. Since this is a semi-logarithm plot, the de-
viation from the exponential variation (straight
line) is quite appreciable. The deviation even in
the early stage of irradiation could be explained
in terms of the approximation needed in Eq. (3),
as discussed in Section 4.6. By fitting only a few
points up to p=2p, to Eq. (5), the damage cons-
tant k, was found to be 1.76X10'6 and 1.24X10'7
el/cm? for 0.5 and 0.08 ohm-cm material.

The change in the Hall mobility gy was less
than 30% while the carrier concentration 7 varied
over several orders of magnitude (Figs. 4 and 5).
By interpolating the Hall mobility, the carrier con-
centration profile was determined from the resis-
tivity data. In order to avoid the ambiguity, the
ratio of Hall mobility to drift mobility was taken
to be 3z/8=1. 18 throughout. The carrier removal
rate(—dn/dy) was computed by numerical differ-
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electron fluence in 0. 08 chm-cm n-type silicon.



Radiation Sources on Resistivity Change of Silicon—W. Jung) 97

t
'
:
—~ 2r l
) 1 . |
-E-lOHL.‘ 1 \ | lié E -5t h
R T ' ! ‘{ 3 5
5}- t ] . %
aload | z
I I T
Lo R <

)
5,

CONCENTRATION,
B

) >
a -
s ]
. 3
=
= .l
o \ - R
[ ) - =0
<IO‘— <
o T

@ @

s

)
———7 T

-
,

- [

>

&

il

P

wh

4 N

w4l 4

2 \

_ A -

]

&

b N
s " 10 (<10 )

ELECTRON FLUENCE,Z (el-om®)
Fig. 5. (a) Carrier concentration (»), carrier re-

moval rate (—dn/dp), Hall mobility (ur), and
(b) Fermi level (Ec—Er) as a function of
electron fluence in 0. 7 ohm-cm n-type silicon.

entiation and its results are shown in Figs. 4a
and ba for 0.08 and 0.5 ohm-cm material. Note the
change of four orders of magnitude in the carrier
removal rate in 0.5 ohm-cm material (Fig. 5). The
corresponding changes in the Fermi level at room
temperature are shown in Figs. 4b and 5b. In the
computation of the Fermi level, the spin dege-
neracy ratio and the effective mass ratio were
taken to be unity to eliminate the ambiguity. The
error introduced by this simplification is about
4X1073 eV in the Fermi level. The change in the
slope of the Fermi level curve at 0.17 eV corres-
ponds to the sharp decrease of the carrier re-
moval rate, indicating the presence of a major
defect level at this position (Fig. 4b). This defect
level is currently attributed to the oxygen-vacancy
complex (Si-A center). The drastic change of
carrier removal rate in Fig. 5b indicates the pre-

sence of additional deep defect levels. The defect

L, a
CARRIER REMOVAL RnTE,—gj;(cm'-el)

levels due to the divacancies and phosphorus
complexes have been variously estimated to be
somewhere between 0.33 and 0.42 eV below the
conduction band edge.’21.13 From these analyses,
the deviation of the resistivity change from the
simple formula of Eq. (5) in the advanced stage
of irradiation is seen to be due to the cross-over
of the Fermi level with the 0.17 and 0. 4 eV defect
levels, and the corresponding decrease in the

carrier removal rate.
4.2 BRR Irradiation

The resistivity changes of three samples irrad-
iated by Battelle Research Reactor are shown in
Fig. 6. The resistivity of 7 ohm-cm material
(3664-01) increased by a factor of 500 in a matter
of a few minutes before it settled down to almost

linear change. The large scatter in the data points
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(Battelle Research Reactor)
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is due to the extremely high impedance of the
sample. The other two samples (0.25 and 0.08
ohm-cm) also showed similar rapid increase in the
resistivity immediately after the sample block was
lowered into the reactor. As described below, sim-
ilar change was observed in TRIGA Mark II irrad-
iation when the reactor was scrammed at the end
of daily eight-hour operation. The transient initial
change is believed to be due to the ionization
effect. Note that the data points are plotted on a
linear scale. The nearly linear change of resistivity
with neutron fluence is quite apparent. Together
with the relativiely low rate of resistivity change,
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Energy Research Institute)
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the linear change is believed to be due to the
modification of the neutron energy spectrum
resulting from the large distance between the sam-
ple block and the reactor core. The resistivity
changes after 500 minutes (1.41X10% n/cm?) gave
the damage constants of 1.29X10'%, 7.8X10%, and
2.4X10' n/cm? for the three samples.

4.3 TRIGA Mark II Research Reactor Irradiation
Figure 7 shows the results of the TRIGA Mark [I

research reactor irradiation of 0.25 and 0.08 ohm-
cm samples. The deviation of resitivity changes
from the exponential law of Eq. (5), particularly
in the later stage of irradiation, is pronounced.
The transient change in the resistivity due to
ionization effects immediately after the reactor
scram at the end of the daily eight-hour operaticn
is to be noted. The resistivity changes in the
heavy dosage range are similar to the electron
irradiation experiments, and should be discussed in
terms of the Fermi level cross-over of the major

defect levels. The initial portion of the data is
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replotted in an expanded scale in Fig. 8. The ex-
ponential law of Eq. (5) (straight line in semi-
logarithmic plot) is seen to give a fairly good fit
in the early stage of irradiation (first 40 and 100
min. for 0.25 and 0.08 ohm-cm material, respec-
tively). The damage constants determined from
the slope of the straight line portions were 1.03

X105 and 3.37X10% n/cm? respectively.

4.4 Co® Gamme-Irradiation

The results of the Co® gamma-ray irradiation
of 8.6, 0.18 and 0.077 ohm-cm samples are shown
in Fig. 9. The seemingly large scatter in the data
points is due partly to the expanded scale of the
resistivity coordinates, as the total change in
resistivity was only 3.1% in 0.077 ohm-cm mate-
rial; and 20.3% even for 8.6 ohm-cm material,
after 9X10'® photons/cm? The damage constants
were estimated to be 1.12X10, 5,09X10'8, and
1.10X 10 in photons/cm? (5.85X108, 2.93x109
and 6.34:<10° in rads), respectively, for the three

samples.

4.5 Damage Constants for
Various Radiation Sources

Although the simple exponential formula of Eq.
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(5) is seen to hold only approximately valid in
the early stage of irradiation and shows a poor
fit in some cases, the damage constants &, is a
very convenient parameter in comparing the re-
lative effectiveness of the various radiation sources
in causing the electrical changes in silicon. The
damage constants evaluated in the four irradiation

Table 1. Damage Constant of n-Type Silicon
for Various Radiation Sources

. K, for
Radiation PN . > Ex-
Sources 72;1;9 '"| Ratio Ky ponent
1 MeV
Electron | - 061>(§17| 1 | 8540 | 0.804
(310°K) |
BRR (325°K) | % 490%d 4.47 | 1000 | 0.877
TRIGA Mark | 2.6X
I G100 o 40.4 | 211 | 0.86
9.1% (
Co® Gamma- N | 4.55%
Sy (300585 (r/crlr?z) 0.0115 495X 0.61
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oo 495 026 .
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experiments are summarized in Fig. 10. The pre-

sent data show that while %77 law of the damage

constant holds fairly well, the deviation in the

individual cases is by no means insignificant. The
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Fig. 10. Damage constant (k,) as a functior of initial

carrier concentration for various radiation
sources. Data points for high resistivity
materials were omitted.
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numerical values of the exponent of # determined
in the four experiments are tabulated in Table
1. On the basis of these data, for example, by
comparing the damage constant of an n-type sili-
con with 10'7/cm?® dopant atoms, one can conclude
that TRIGA Mark II reactor neutrons are about
40 times more effective in causing the electrical
damage than 1 MeV electrons, and so on. The
fitted value of the coefficient K, is very critically
dependent on the choice of the exponent. How-
ever, it is to be noted that K, of 211 for TRIGA
Mark II reactor is much smaller than the limit
of K,= 444 quoted by Buehler. The discrepancy
may be attributed to many factors including the
exact location of the sample position in the core
of the reactor, and not the least important of all,
the temperature of the samples during the irrad-
iation.

4.6 Physical Basis of the Exponential Law

Equation (3) can be rewritten as

1 dn AB

% dp n4aNcexp (&]C_TEC

. D
)

Therefore the smaller the relative magnitude of

7 with respect to aNcexp (—EE]%&), the better

fit to the exponentical law of Eq. (5) is expected
as long as the mobility change is unimportant.
This can explain the deviation in the very low
fluence region. And if % is much greater than

aNcexp (ﬁgk:TE_c)’ then the carrier removal rate

would be nearly constant and the carrier concen-
tration would linearly decrease with fluence. As
the irradiation progresses the Fermi level recedes
beyond the major defect level, the carrier re-
moval rate undergoes a rapid change, and the ex-
ponential law holds no longer valid. The deviation
from the exponential law in the high fluence
range can be explained in terms of this Fermi
level cross-over effect. Moreover, the presence of
more than one defect level complicates the picture
further.

J. Korean Nuclear Society Vol. 1, No. 2, Dec. 1969

5. Conclusion

The results of the resistivity change measure-
ments of n-type silicon as a function of irradiation
indicate that the simple exponential formula of
Eq. (5) gives a fair fit in the low fluence ranges.
It gives a fairly good fit for the first 40 to 100
minutes of irradiation in TRIGA Mark II research
reactor. The deviation is quite appreciable in the
case of 1 MeV electron irradiation. In similar
experiments in Battelle Research Reactor (large
distance between the sample block and the reactor
core) and Co%® gamma-ray irradiations, the resis-
tivity changed with fluence nearly linearly. The
deviation of the resistivity change from the simple
formula in the low and high fluence ranges is not
unexpected in view of the simplifying assumption
needed in its derivation. Nevertheless, the formula
provides the means of predicting the electrical
behavior of the silicon during the exposure to-
nuclear radiations. It also provides a basis for
comparing the relative effectiveness of wvarious.
radiation sources in causing the resistivity changes,.
even though the types of defects produced may
be quite different. While the exact dependence-
of the damage constant on the initial carrier con-
centration needs further investigation, the n%7 law
is seen to give reasonably good fit. The depend-
ence of the damage constant on the irradiation
temperature, particle energy spectrum, and the
crystal preparation should be pursued further to-
apply the knowledge of experimental physics to
the practical device design purposes. And once
the damage coefficient is determined for a given
material under a given irradation condition, the
cumulative radiation fluence and the reactor power
level, for examples, can be monitored by simply

following the resistivity changes.

Acknowledgement

The author gratefully acknowledges the coopera-
tions of the staff of the Battelle Research Reac-
tor, Korean Atomic Energy Research Institute,



Radiation Sources on Resistivity Change of Silicon—W, Jung 101

and Irradiation Facility of Atoms-in-Action Exhi-
bition in Seoul during the irradidiation experi-
ments. He is also indebted to the colleagues in
the Nuclear Radiation Effects Group of Bell Tele-
phone Laboratories for the electron irradiation part
of the work. The assistance of Messrs. Suk Ki
Min, Hi-samung Jo, and Kwang Nham Kang of
the Solid State Physics Laboratory of the Institute
is gratefully acknowledged.

References

(13 A brief report of the Santa Fe conference on
Radiation Effects in Semiconductors was given
by I. H. Crawford, Jr., in Phys. Today 21 (4),
123 (1968). The proceedings are published in
Radiation Effecis in Semiconductors, F.L. Vook,
ed., Plenum Press, New York, 1968.

{2) A comprehensive up-to-date review on this
subject was given by J. W. Corbett in Electron
Radiation Damage in Semiconductors and
Metals, Solid State Physics, Suppl. 7, F. Seitz
and D. Turnbull, Eds., Academic Press, New
York, 1966.

[3) M. G. Buehler, “Design Curves for Predicting
Fast-Neutron-Induced Resistivity Changes in
Silicon,” Proc. IEEE 56 (10), 1741-1743 (1968).

(4] A. D. Kantz, “Average Neutron Energy of
Reactor Spectra and Its Influence on Displace-
ment Damage,” J. Appl. Phys. 34 (7), 1944~
1952 (1963).

(5] L. A. Mirtskhulava, “Determination of Para-
meters of Localized Centers in Semiconductors
using Long-Duration Light Excitation,” Soviet
Physics-Solid State 5(6), 1101-1105 (1963).

[6] N. A. Vitovskii and T. V. Mashovets, “Possibi~
lity of Precise Determination of the Activation
Energy of Defect and Impurity Levels in
Semiconductors,” Soviet Physics-Solid State
6(6), 1297-1299 (1964).

(7] C. A. Klein, “Radiation-Induced Energy Levels
in Silicon,” J. Appl. Phys. 30(8), 1222-1231
(1959).

(8] D.E. Hill, “Electron Bombardment of Silicon,”
Phys. Rev. 114(6), 1414-1420 (19539).

(9] 1. S. Blackemore, Semiconductor Statistics, Per-
gamon Press, London, 1962.

[10] E. Sonder and L. C. Templeton, “Gamma Ir-
radiation of Silicon. I. Levels in n-Type Mate-
rial Containing Oxygen,” J. Appl. Phys. 31
(7), 1279-1286(1960); “II. Levels in n-Type
Float-Zone Material,” J. Appl. Phys. 31(11),
3295~-3301 (1963).

(11) H. Saito and M. Hirata, “Nature of Radiation
Defects in Silicon Crystals,” Japan. J. Appl.
Phys. 2(11), 678-687 (1963).

{123 N. A. Vitovskii, T. V. Mashovets, and S. M.
Ryvkin, “Energy Spectrum of a p-irradiation
Defect in Silicon,” Soviet Physics-Solid State
4(10), 2085-2087 (1963).

(13] M. G. Bueler and D. L. Kendall, “Neutron-
Induced Carrier-Removal Effects in Sllicon,™
Trans. Met. Soc. AIME 245, 511-515 (1969).

(14 A method of using the change of silicon
transistor gains for measuring neutron ex-
posure in 10! to 105 n/cm? range was reported
by F. W. Poblenz, C. D. Taulbee, and R. L.
Walker, in “Application of Silicon Damage to
Neutron Exposure Measurements,” IEEE Trans.
on Nucl. Sci. NS-14(6), 147-152 (1967).



