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ABSTRACT

The technigues of infrared absorption spectroscopy were used to
study the radiction effects of 22 MeV protons on silicon. Transmission
spectra were obtained from 1 - 16 microns before and after irradiation.
The spectra were made at both room (3000 K) and liquid nitrogen
temperatures (80° K). Silicon disc samples ranging in resistivity from
1.0 ochm-cm to 100 ohm-cm were irradiated to fluxes on the order of

1016 protons per cm= with 22 Mev protons. Both N-type (Phosphorous
doped) and P-type (Boron doped) silicon was used in the irradiation
test. All of the samples studied in this test contained a relatively

high concentration of oxygen (~ 5 1017 O2 atoms/cmB). They were
Czochralski grown silicon samples.

Several defect levels were observed in the silicon samples.
Increased sbsorption was observed at the wavelengths of 1.8, 3.46,
%.62, 11.6, 12.0,and 12.67 microns.
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INTRODUCTION

The National Aeronautics and Space Administration is very
interested in the performance of semlconductor electrical components
and devices when they have been subjected to a radiation environment.
This interest is of course related to the fact that the space
missions are very dependent upon the proper performance of many such
devices for their power. As many investigators have proven, these
semiconductor devices are degraded when subjected to either electro-
magnetic or particulate radiation (ref. 1-3). If the damage is
severe enough the circuit containing the damaged component will
cease functioning properly and the entire space mission may be a
total loss.

There are several sources of radiation which these semiconductor
devices may be subjected to in space travel. They are the Van Allen
belts, solar flares, star fish,and solar winds. The first two are
considered to be the most hazardous because of the large fluxes of
both low and high energy electrons and protons (ref. 4-5).

The results of research efforts in the flield of radiation
effects on electrical components have indicated a need for a more
thorough understanding of the basic mechanisms produced in a semi-
conductor material. This understanding may be accomplished by
studying the electrical and optical properties of the basic silicon

semiconductor before and after being irradiated.
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Simulated space radiation conditions may be obtained for labora-
tory study by utllizing radiation sources such as isotopes,
accelerators, and cyclotrons. There are many of these sources
available to the experimenter interested in studying the radiation
effects of electromagnetic and particulate radiation on components
and materials. Since the major damage to semiconductors from protons
occurs from particles having energies from 50 MeV and below the
22 MeV proton cyclotron at the Oak Ridge National Laboratories was
used in this investigation (ref. 6).

Many investigators have studied the radiation effects of charged
particles, X-rays, gamma rays, and neutrons on semiconductor materials
(ref. 7-13). However, most of the studies were accomplished using
particles other than protons. Very little data exist on the effects
of protons on semiconductor materials.

There are several ways of assessing the damage produced in the
material irradiated. The most commonly used are minority carrier
lifetime studies, Hall coefficient as a function of tempersture,
mobility changes, electron paramagnetic resonance, photoconductivity,
and infrared absorption.

The results of all of these studies are similar in that they are
sensitive enough to detect defect energy levels produced within the
basic semiconductor material. Many levels have been observed, however,
only three have been studied in enough detail to furnish a complete
understanding of the defect. These are the A-center (Ec - 0.17 ev),

E-center (Ec - 0.40 ev), and the divacancy (Ec - 0.21 ev).



The use of infrared spectroscopy as & microscopic probe for the
study of radiation induced defects in silicon has been shown to be an
important probe by many workers (refs. 9, 14-18) in recent years. In
the past, defects introduced in silicon by reactor neutrons, 9.6 MeV
deuterons and electrons of various energles were observed to give rise
to new infrared absorption bands in silicon in the wavelength region
1.8 to 20.5 microns. The defect bands found can be divided into two
groups (ref. 14). The first group of bands is associated with
electronic excitation and is located in the wavelength range 1.8 to
about 6.0 microns. The second group of bands 9 to 20.5 microns are
vibrational bands. In general the bands between 9 and 12.5 microns
arise only from defects associated with atomically dispersed oxygen
in silicon.

The research effort reported herein is the result of an
investigation of the bombardment of silicon with 22 MeV protons.

The techniques of infrared absorption spectroscopy was used to locate
the defect energy levels produced in the material.

One cannot obtain a plcture or model of the defects observed by
using only one method of assessing the damage. Several methods must
be used and the results compared. Therefore, it is not the purpose
of this thesis to draw complete conclusions on the symmetry, and so
forth, of the defect levels observed but to merely complement
existing data in hopes that someone may combine all such data and

form the necessary models.



CHAPTER I

THEORY

Semiconductor band theory. --- The properties of silicon semi-

conductor material are best explained by using band theory. The bands
to be considered are the valence, forbidden, and conduction bands

(see fig. 1). The valence band in silicon contains the four valence
electrons. There is actually a large number of allowed energy levels
in the valence band for electrons to occupy but they lie so close to
each other one can speak of them as a continuum. However, each

electron must occupy one of these energy levels or quantum states.

Just above the top of the valence band is what is called the
forbidden band or gap. It is called the forbidden band because there
are no quantum states available for electrons, therefore, they cannot
exist in this region. However, allowed levels may be placed in the
forbidden region by doping the silicon with impurities. This will be
discussed later on in the text.

Above the forbidden gap lies the conduction band. This is a band
in which electrons are free to move about and conduct current. It is
also a band of many quantum states but here again they are very close
to each other and may be considered as a continuum.

At absolute zero degrees the conduction band is completely empty
of electrons and they occupy levels in the valence band. Therefore
there can be no current at this temperature. In reality this is not

the case so there is always some electrons in the conduction band.



Figure 2 (ref.19 ) chows a schematic diagram of the energy bands
in silicon. It is revoresented in k-space. One can see that silicon
is an indirect energy band semiconductor. This simply says that at
k = ¢ the top of the valence band does not lie directly beneath the
bnttom of the conduction band. Therefore, the transitions from the
valence band to the conduction band are not vertical. The top of
the valence band lies at k = o and the energy surfaces are
apvrroximately spherical.

When discussing energy levels in semiconductors one talks of the
Fermi level. The Fermi level (Ef) is a statistical level located in
the forbidden gep having a probability of occupancy equal to one-half.
The position of the Fermi level is dependent on the temperature and
carrier concentration (resistivity). The carrier concentration is
varied by adding impurities to the silicon lattice. Silicon is a
group IV material. When a group V material such as phosphorous is
added to silicon it produces donor levels (N-type) in the forbidden
band close to the conduction band. In this case the Fermi level is
shifted towards the conduction band. When a group III material such
as boron is added to silicon it produces acceptor levels (P-type) in
the forbidden band close to the valence band. In this case the Fermi
level is shifted towards the valence band.

For a spherical energy band in a semiconductor

3/2

2
e(E) = hxt( hze) E 1/2 (1)




where:

E = p%/Qm

g(E) = density of states function or the number of states
available per unit energy

m, = effective mass of electron

h = Planck's constant (6.625 % 10727 erg. sec)

Defining the function f(E) as the probability of occupancy for a

state of energy ¥E we have the relationship:

-1
(E) = [1 + Be(E’Ef)/kT] (2)
where:
B = a statistical weight factor having a value between 1/2
and 2. Jt is usually taken to be unity.
k = Boltzmann's constant
T = temperature

See figure 3 for a plot of the Fermi~Dirac distribution function f(E)
versus energy E. Using equations (1) and (2) an expression for the
carrier concentration of electrons in the conduction band can be

written as:

+ o«
n = ‘jp gz(E) £(E) aE (3)
2 kT 3/2 E B kT
nm_ Kk - - kB
= 2 (———}:g——) e ( ¢ f)/ (ll-)



N_e '(Ec - Ef)/kT (5)

o m kT2
2 g = the number of states in the
¢ h conduction band

An expression for the position of the Fermi level for N=-type

where:

=
i

material is obtained by solving equation (5) for Ef-

N
-n - _c \
E, = E_ - kT In (11) (6)

2(2x m kT)’/z
E =E -kT 1n e (7)
bl c hjn

and similarly for P-type material the position of the Fermi level can

be calculated from:

+ E (8)

where:

effective mass of hole

8
"

hole concentration

ke
1

Determination of oxygen content in silicon. =~- All of the silicon

samples used in this investigation were grown by the pulled method.

This method is usually referred to as the Czochralski method. The

¥, atoms/cmj)

1
concentration of oxygen in pulled samples (10 7 - 10 5

is large compared to vacuum float zone grown silicon

15 1o ]
GO 7 . 10 O2 atoms/c 3). Interstitial oxygen in the silicon lattice



gives rise to an absorption band at approximately 9 microns. The
relative strength of the absorption band is proportional te the
oxygen concentration in the silicon lattice. Figure 4 shows a
comparison of the absorption bands for pulled and float zone grown
silicon at 9 microns. An interesting fact is that the area between
the curves in figure U4 (corresponding to the oxygen absorption only)
remains a constant. It is independent of temperature, resistivity,
or conductivity type. The limit of detectability at liquid air

2 welght percent oxygen or 1016

temperature is approximately 107
oxygen atoms/cm5 (ref. 20).
Kaiser, Keck, and Lange (ref. 20) state that the quartz crucible
reacts with molten silicon to form gaseous Si0. The quartz crucible
is used as a container for the molten silicon. The SiO 1is then
able to dissolve into the silicon crystal lattice to some extent.

During the process of cooling down the molten silicon, it becomes

crystallized and the oxygen becomes bonded to the silicon.

The number of Si0 oscillators in the silicon sample may be
estimated uring optical measurements. If one considers Nio
independent oscillators, having vibrational frequencies only, the area

enclosed by the absorption band is given by (ref.20 ):

2
. 2 ( 2 )
ne n + 2



where:

3
n

absorption coefficient at the frequency v

v
g = reduced mass of the Si0 oscillator (10.2)
e = net electronic charge (4.8 x 10~10 esu)
n = refractive index of the surrounding medium (3.6)
¢ = velocity of light (3 x 1010 cm/sec)

As an approximation one can use

Jf a dv ~ amaXAH (10)

where:

a = absorption coefficient at the band maximum

‘AH = half width of the band
Using this approximation and solving the equation for Nio one obtains:
~ 9n Juc

fo ™ (n + 2) ne

Each oxygen atom is bonded to two silicon atoms forming an
isosceles triangle, therefore, giving two oscillators. The correspond-

ing oxygen concentration, 0.C., is therefore given by:

N

~ _io
0.C. = —>= (12)

CUR: - SR (13)

0.C.
2(n2 + 2)2 ﬂe2 max

12

The oxygen concentration was calculated using this technique for
all of the silicon samples used in this investigation and the results

are presented in Tgble II.

10



Determinatiog of absorption coefficient. --- The quantity

usually measured with an infrared spectrometer is percent transmission.
It simply records the relative amount of light transmitted versus
wavelength. For a given material, for example silicon, the trans-
mission is reduced as the thickness is increased. In many instances
a comparison of sample thickness and relative absorption is needed.
To accomplish this one must calculate the absorption coefficient for
each sample as a function of wavelength.

The absorption coefficlent, o, can be calculated from the

measured transmission by means of the expression (ref. 22):

2 -OLX
T,.Ils(l'R) e (14)
0 1 . g2 e20X

where:

sample thickness

"
1

a = absorption coefficient

R = reflectivity for the wavelength at which the
transmission T 41s measured
I0 = intensity of incident light

I = intensity of transmitted light
The above equation allows for multiple internal reflections from
the sllicon surfaces. Thils 1s important when the transmission and
reflectivity are high. When the internal reflections are not large,
2 =2aXx

R'e < <1, one can determine the absorption coefficient, a, from

the equation:

11



T =-%L - (1 - R)? ™ (15)
o

Solving the above equation for the absorption coefficient one

obtains:

i (Gt
= X

The reflectivity of a clean surface for normal incidence is

(16)

a

determined by:

g {n- 1)% 4 &2

= @amn)
(n + 1)2 + k?

where:

n = refractive index of the material

k = extinction coefficient

12



CHAPTER II
SAMPFLE PREPARATION

The silicon used in this investigation was purchased commercially
in ingot form from the Texas Instruments Incorporated. All of the
ingots used in this investigation were grown by the technique of
being pulled from the melt in a quartz cruecible. This method is
referred to in the literature as the Czochralski method. Figure &
shows the absorption at 9 microns due to interstitial oxygen in float

1 16
zone grown silicon (10 2 - 10 oxygen atoms/cma) to be small

compared to the absorption in pulled silicon (1017 - 1018 oxygen
atoms/cmB). A high oxygen concentration was desired for this
investigation since it is required if the A-center is to be detected
easily.

All of the N-type ingots were doped with Phosphorous and all of
the P-type ingots were doped with Boron. The manufsacturers supplied
the value of resistivity requested to within * 10 percent.

The ingots were approximately 10.0 cm in length and 5.0 cm in
diameter. The ingots were grown in the (111) orientation. This
orientation was known to within 2 degrees.

Silicon disc samples were made by slicing the ingots normal to
the horizontal axis with a diamond cutoff saw. The thickness of the
samples was intentionally made thicker than what was needed to allow

for loss during polishing. The flat side of the discs was the (111)

15



plane. After slicing, the samples were given a progressive rough
grind using silicon carbide grits of 180, 400, and 600. Each sample
was then polished with aluminum oxide (number 302, 303, 303 1/2).
Additional polishing continued with diamond compounds of 22, 8, and 1
micron sizes on a pellon lap. An optical finish was obtalned using
cerium oxide in the final polish with a felt lap. The thickness of
the samples after polishing varied from O.79 mm to 3,63 mm (see

Table I). The samples were optically polished to increase the

transmission.

14



CHAPTER III

DESCRIPTION OF AFPPARATUS

The IR-9 infrared spectrophotometer. --- The IR-9 infrared

spectrophotometer (fig. 5) is capable of recording transmission spectra
in the infrared region of the electromagnetic spectrum. The wavelength
range is L4000 - 40O em™t (2.5 = 25 microns).

A Nernst glower is used as an infrared source. After leaving
the source the radiation is chopped by a rotating mirror. One cycle
passes through the sample position and the alternate cycle passes
through a reference position (reference beam). From these points the
radiation is incident on another rotating mirror which is synchronous
with the first rotating mirror. The radiation then passes on through a
double monochromator (50 cm focal length, f£-10 aperature) into a
permanently evacuated thermocouple (potassium bromide window). The
output of the thermocouple is then amplified and recorded. Every other
signal is the reference signal and is compared to the alternate signal
which is proportional to the tramnsmisslon characteristics of the sample
at that particular wavelength. The spectrophotometer may be operated
in the single beam mode also.

Some of the more important specifications are listed below:

1. Prism: potassium bromide, 60 x 75 mm, 58.2° angle.

15



2. Gratings: two Bausch and Lomb "Certified Precision", replica,
area 64 x 64 mm; one with 50 lines/mm and 19.98 micron blaze; another
with 150 lines/mm and 6.67 micron blaze.

5. Slits: bilateral; entrance, intermediate and exit simultan-
eously and automatically adjustable from O - 6 mm; height, 25 mm.

k., Resolution: 0.25 cm-l at 923 cm-l.

5. Frequency accuracy: * 0.2 cm-l at L0O cm.l; T 0.3 cm-l at
740 cm-l; * 0.4 cm-l at 1330 cm’l; * 0.5 cm“l at 2220 cm-l; t 0.6 cmm:L
at 4000 cm—l.

6. Percent transmission accuracy: 0.2 percent for any single
reading in single beam; 1.0 percent absclute or 0.2 percent with
calibration in double beam.

T« Frequency repeatability: 0.1 percent throughout entire range.

8. Percent transmission repeatability: 1 pen width

9. Stray radiation: 0.1 percent or less at T0O cm-l

polystyrene band.

10. Purging: air dryer connections for purging entire systems.

Low temperature cryostat. --- The low temperature cryostat (fig. 5)
used in the experiment was made out of glass. It consisted of an
outside shield with & liquid nitrogen well connected to a copper cold
finger. A copper sample holder screws to the cold finger and gives
very good conduction of heat. The outside well has a feed through for

a thermocouple lead for monitoring the sample tempersature. It also has

an opening for a vacuum line.

16



Two sodium chloride windows were used to allow the infrared
beam to pass through the sample. The windows are held into position
with metal end plates and screws.

With a vacuum of approximately .].O-6 torr, a sample temperature

of approximately 80° K was obtained with liquid nitrogen in the well.

The DK-1lA spectrophotometer. =--- The DK-lA spectrophotometer

(fig. 6) 1is capable of recording transmission spectra in the far and
near ultraviolet, visible and near infrared regions of the electro-
magnetic spectrum. The wavelength range is 185 - 3500 millimicrons.

A tungsten source is used for the visible and near infrared
regions and a hydrogen lamp is used for the ultraviolet region.

The DK-1A utilizes a single beam of energy which is chopped into
alternate reference and sample beams to provide a double beam system
within the sample compartment. Both sample and reference beams have
common detection and amplification components. Ratio recording
(comparison of sample beam energy with reference beam energy) eliminates
inaccuracies duae to such effects as source fluctuations; changes in
amplifier gain, sensitivity, or spectral response of the detector,
and the presence of common absorbing gases 1in the sample and reference
paths. However, for specific applications the spectrometer may be used
in the single beam mode. The entire system is capable of being purged.

The monochromator section is a quartz prism which has an aluminized
back side such that the beam of light passes through the prism twice.

After passing through the monochromator the light beam passes through

17



the sample position and then into an integrating sphere. This sphere
is coated with magnesium oxide (MgO) and a detector is mounted on top
of the sphere. A lead sulfide (PbS) cell 1s used as a detector for the
visible and near infrared regions and a photomultiplier tube is used
for the ultraviolet region.

Some of the more important specifications are listed below:

1. Resolution: better than 0.2 millimicron at 220 millimicrons.

2. Wavelength accuracy: better than 0.4t millimicron in ultra-
violet, 1.5 millimicrons in visible, and 8 millimicrons in near
infrared.

5. Transmission accuracy: better than 0.5 percent.

L. Wavelength reproducibility: better than 0.05 millimicron in
ultraviolet and 0.5 millimicron in near infrared.

5. Transmission reproducibility: better than 0.2 percent
transmittance.

6. Stray radiation: 1less than 0.1 percent from 210 to 2720
millimicrons.

T. Slits: entrance and exit slits simultaneously and
continuously adjustable, manually or automatic, from 0 to 2.0
millimeters. The exit slit heights are 1.5, 4.0, or 12 mm selected

nanually.
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CHAPTER IV

EXPERIMENTAL PROCEDURE

Pre-irradiation measurements. =-- All of the samples used in

this investigation were optically polished on both sides before any

spectra were taken. After the polishing procedure the samples were

cleaned with acetone and alcohol and then were left for some time to
allow the liquids to evaporate.

Before any spectra on the samples were made the IR-9 and DK-1A
spectrophotometers were set up to run and calibrated for wavelength.
The O percent and 100 percent lines were taken on each instrument to
determine the background absorption due to the atmosphere, etc...
However, the background was found to be very constant over the
wavelength range because each instrument was purged with dry air.
Figure 7 shows a calibration spectrum taken with the IR-9 spectro=-
photometer. It was mede with a thin film of polystyrene. The DK-1A
was calibrated for wavelength by using a mercury pen lamp. Since
this was for only one wavelength the calibration is not known.

After calibrating the IR-Q the low temperature cryostat was
placed in the sample position and another 100 percent line was taken.
This was also found to be constant over the wavelength region except
it began to drop off at approximately 16 microns due to the

characteristics of the NaCl windows used in the cryostat. During
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these measurements the cryostat was evacuated and full of liquid
nitrogen at all times. The cryostat was then emptied and a sample
placed in the copper ring holder. A thermocouple was attached such
that it was in contact with the silicon sample but not in the
infrared beam. After the cryostat had been filled and allowed to
stabilize at the proper temperature (80 + 1° K as determined by a
thermocouple and potentiometer) an infrared spectra was taken. In
order to determine if there were any surface effects being seen,
because of room light, rather than bulk effects, another spectrum
was taken with the sample and cryostat covered with black cloth to
keep out any light. There were no differences observed in the two
spectra. Therefore, all other spectra, with exception of one made
after irradiation which also was not different, were taken in the
daylight. All other samples were run (2.5 - 16 microns) in this
manner before irradiation.

The samples were then dried off because they became wet from the
condensation as the cryostat was opened before the samples could
reach room temperature. Each sample was then placed in the sample
compartment of the DK-1A spectrophotometer and spectra obtained at
room temperature. No liquid nitrogen temperature data was taken
because of the lack of space available in the sample compartment of
the DK-1A. Each spectrum was scammed from 1.0 - 3.5 microns.

Reflectance measurements were made on the DK-lA from 1.0 - 3.5
microns and was found to be essentially a constant over the wavelength

region (R = 0.30).
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Irradiation procedure. =--- All of the samples were irradiated with

22 MeV protons. The 22 MeV protons were obtained by using the 86-inch
cyclotron at the QOak Ridge National Laboratory in Oak Ridge, Tennessee.
The 36-inch cyclotron has a fixed frequency of 13.4 Mc and a magnetic
field of approximately 9000 gauss. The cyclotron developes a maxinmum
internal beam current of 3000 pa at 17.5 MeV and 1500 pa at 22 MeV.
The samples were irradiated in the "T'" position of the beam
transport system. Figure 8 shows the "T" position and associated
equipment. A sample probe was made to hold the silicon sample into
position in the proton beam (fig. 9). It has provisions for water
cooling and is insulated from the beam pipe so it may be used as a
charge collector. The total beam current incident on the sample was
monitored in this fashion. Figure 10 shows the spiral water flow
assembly which holds the sample into position in the sample probe.
The spiral water flow assembly allowed excellent cooling of the
samples during irradiation. The sample temperature was monitored with

a thermocouple and never exceeded 40° C during any of the runs.

Post-irradiation procedure. =--- Immediately after irradiation all

of the samples were placed in a dry ice container to prevent any
excessive room temperature annealing before the spectra could be made.
The samples were then brought back to the lab and infrared spectra

were obtained as before irradiation.
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A reflectance spectrum was made on several samples and there was

no detectable difference in the pre and post-irradistion spectra. The

value of the reflectance used in determing the absorption coefficient

was calculated using the index of refraction, n = 3.42. This gave a

value of R = 0.30 which agrees with the experimental measurement.
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CHAPTER V
DISCUSSION OF EXPERIMENTAL RESULTS

Band edge. =--- The existence in all semiconductors of a wide
spectral region of very intense absorption, limited on the long
wavelength side by a sharp edge, is due to the fact that the absorption
of pnotons of sufficiently high energy is accompanied by electron
transitions from the valence to the conduction band.

In the case of silicon, light of frequency v <-%%, where Eg
is the energy width of the forbidden band, passes through pure crystals
without photoionization. However, when light having frequencies of
v 2’%? is incident upon silicon there is a strong absorption. One can
use this type of spectra to calculate the energy difference, Eg, between
the valence and conduction band. Figure 11 shows the percent transmis=-
sion versus wavelength for a silicon sample (422 P) pre and post-
irradiation. By extrapolating a tangent line from the pre-irradiation
percent transmission curve down to the wavelength scale one intercepts

the wavelength scale at A = 1.0k p (microns). Using the equation

by = hv (18)
E = %;C- (19)
B(ev) = 2% _ Eg(ev) (20)

and the value of A = 1.0k p the width of the forbidden gap is

calculated to be Eg = 1.19 ev. The band edge is seen to shift towards
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the longer wavelength region (lower energy) after it has been irradiated.
The reason for +his shift is that radiation introduces donor and
acceptor levels in the forbidden gap which decreases the energy
difference between initial and final states of the electron. From
figure 11 the Eg after irradiation was found to be 1.09 ev. This
value is very dependent on how one draws the tangent to the post-
irradiation curve. The amount of shift is a function of the exposed
radiation. Fan and Ramdas (ref. 9) state that after prolonged
irradiation of silicon with deuterons the radiation effect seemed to
saturate after a shift of about 0.1 ev, which agrees with the results
of figure 11. All of the samples irradiated in this investigation
exhibited the same shifting effect.

Cheng (ref. 18) has shown, after a detailed analysis of the
background absorption for the 1.8 micron absorption band, that after
L5 MeV electron irradiation of silicon & new radiation induced absorption
band is produced in the wavelength range from the fundamental
absorption edge up to higher wavelengths. The intensity of the new
absorption band increases monotonically with the increase of the photon
energy. Figure 11 indicates this defect level from the overall shift and

shape of the pre-irradiation versus the post-irradiation spectra.

The 1.8 micron band. =--~ The 1.8 p band was first observed by Becker

in neutron irradiated and deuteron irradiated silicon (ref. 9). Since
then other investigators have observed the 1.8 p band in both N and

P-type silicon irradiated with electrons deuterons, neutrons, gamma rays
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and this report shows that protons (22 MeV) produce the same defect
level (see figures 11 - 13).

Fan and Ramdas (ref. 9) observed the 1.8 u band in samples which
had high resistivities or were P-type after irradiation. An N-type
sample in which the Fermi level was approximately 0.16 ev below the
conduction band did not exhibit the band. However, figure 11 shows the
1.8 p band located in an N-type, 10 ohm - cm sample. This sample
received a large dose of protons, 2.23 x 1016 protons/cm2.

The width at half maximum for sample 422 P (fig. 11) was calculated
to be 0.13 ev. This spectrum was taken at room temperature. Fan and
Ramdas (ref. 9) found that the width at half maximum was 0.1l ev at 80° K
and 0.16 ev at 300° K. The results of this report agree quite well with
their results. All of the widths at half maximum were approximately the
same for the samples exhibiting the 1.8 p band.

Due to the size of the sample compartment in the DK-1A spectrometer
a cryostat could not be placed in it to obtain low temperature results.
Other investigators (ref. 9, 18) have studied the properties of the
1.8 ¢ band at lower temperatures and found that the band sharpens up and
shifts towards the shorter wavelength region. Fan and Ramdas report
that the band was absent at liquid nitrogen temperature but present at
room temperature. From this result they concluded that the defect
responsible for the absorption band has an energy level at approximately
0.21 ev below the conduction band and will not be seen if the level is

occupied by electrons.
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Figure 1L shows the percent transmission versus wavelength for
sample N which was N-type, 10 ohm cm. It failed to show the 1.8 u
band. This may be explained by the fact that it received only half the
dose the other samples received. It is unfortunate that electrical
properties were not measured in conjunction with the optical properties
so that +the position of the Fermi level could be calculated. This would
help in explaining the reasons for either observing or not observing
defect levels.

Cheng (ref. 18) has completed an extensive study on the 1.8 u
band in 45 MeV electron irradiated silicon. From a combination of
optical, electrical and mechanical properties he was able to essentially
pin point the defect levels associated with the 1.8, 3.3 and 3.9 p bands.

Watkins and Corbett (ref. 23 ) identified two electron paramagnetic
resonance spectra (Si - G6) and (Si - G7) as arising from two different
charge states of a divacancy. Figure 15 is a model of the divacancy.
In this model, the two vacancies are at adjacent atom sites, labeled
¢ and c¢'. The construction of the defect can be visualized as follows:
initially, there are six broken bonds around the divacancy, one each for
the six atoms neighboring it. Atoms a and 4 pull together to form a
covalent bond as do atoms a' and d4'. Actually, any two of the three
atoms a, b, d, can pull together to form the covalent bond, it is the
same for the atoms labeled with primes. From this one can see that there
are three equivalent electronic distributions for a divacancy. Figure 16
shows these three combinations. The 1.8, 3.3 and 3.9 u bands are

associated with the same defect level in different charge states. The
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level responsible for these bands is located at Ec - 0.21 ev.
Descriptions and results of the other bands are presented in other
sections of this report.

The 3.46 and 3.62 micron bands. --- The 3.46 and 3.62 micron

bands have been seen by several investigators (refs. 9, 18). Both
pulled and float zone grown silicon exhibit these bands, however,

the production rate is higher in pulled silicon. Fan and Ramdas

have observed the bands in neutron and electron irradiated samples.

At room temperature the peak absorption was at 3.3 n. However, when
the temperature was lowered to liquid nitrogen temperature the peak
resolved into three sharp bands located at 3.62, 3.46, and 3.3 microns.
The results of my investigation are shown in figures 17 - 19. The bands
seen at liquid nitrogen temperature had peak absorptions at 3.46 and
3.62 microns. Both N and P-type pulled silicon samples showed the
bands (figs. 17 - 19). Fan and Ramdas (ref. 9) state that the
absorptions were not present in P-type samples or N-type samples of
high resistivities. However, the results of this investigation
indicated the bands were produced in both P and N-type silicon. Under
the illumination of light with all wavelengths, as was the case in this
experiment, the elctronic distribution in the erystal would be different
from that with monochromatic light, as in the experiment of Fan and
Ramdas, since the electrons can be redistributed through the conduction

band. Therefore, the absorptions can be observed in our case, even if the
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Fermi level of the sample without illumination is lower than the level
which must be populated by electrons in order to have the absorption.
The level can become populated with electrons through redistribution.
Also the production rate of these two bands is dependent upon the Fermi
level position. This 1s seen to be the case because the strength of
the bands in the lower resistivity samples are stronger than the bands
seen in the higher resistivity samples (see figures 17 - 19). The
defect level responsible for these absorptions is located at

E. - 0.21 ev. They are another charge configuration of the divacancy

C

(ref. 18).

The 11.5, 12.0 and 12.67 micron bands. --- The 11.6, 12.0 and

12.67 micron bands were observed in all of the samples irradiated.
Several investigators have found these defect levels in pulled silicon
(ref. 15). The bands are only observed in oxygen containing silicon
samples. Neutrons, deuterons, electrons, and gemms rays have produced
the levels and the results of this investigation show that 22 MeV
protons also produce the defect.

It has been shown by Watkins and Corbett (ref. 13) and Corbett,
Watkins, Chrenko, and M®Donald (ref. 15) using both spin resonance and
infrared absorbtivity measurements that the defect configuration which
is responsible for the 12 p band is an oxygen vibrational band composed
of a substitutional oxygen atom coupled to a vacancy. This defect has
been called the silicon A-center (ref. 13). The temperature dependence
of the 12 4 band which is reported in this report is the same found by

Corbett (ref. 15) et.al. in that the absorption peask shifts to shorter
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wavelengths as the temperature is lowered from room temperature to
liquid nitrogen temperature.
The results of this investigation are shown in figures 20 - 22.
As can be seen the defects are produced in both P and N-type silicon.
Figure 25 shows the position of the oxygen atom relative to the
surrounding silicon atoms. A 9 p band is observed when the oxygen
atom is located interstitially and the A-center is observed at 12 u
when the oxygen atom is in the substitutional position. The

corresponding electrical level is located at EC - 0.17 ev (fig. 24).
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CHAPTER VI

CONCLUSIONS

From the results presented herein, the following conclusions
may be derived:

1. Infrared absorption spectroscopy is an excellent probe for
studying radiation induced defects in semiconductors.

2. Proton (22 MeV) irradiated silicon produces defect levels
in the forbidden gap similar to other particulate and electromagnetic
radiation. The absorption edge shifts toward longer wavelengths with
increased radiation.

5. The relative strength of the A-center, as indicated by the 12
micron absorption band, is proportional to the oxygen concentration
in the sample. Infrared absorption can easily be used to estimate the
oxygen concentration in silicon.

4. Although all of the room temperature data is not presented,
the infrared spectra obtained with the samples at lower temperatures

are sharper and more distinct.
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TABLE 1

DATA FOR SILICON SAMPLES IRRADIATED WITH 22 MeV PROTONS (ORNL)

INTTIAL OXYGEN
SAMPLE TYPE | RES ISTIVITY THICKNESS |CONCENTRATION | INT TED FLUX
NUMBER (ohm-cm) (mm) x 107 OpAtoms|x 101Cprotons/cme
cm3

hooP | N 10 1.96 L.87 2.23

522P | P 1 2.01 2.59 2.23

622P | P 10 1.96 3.87 2.23

T22P | N 1 1.93 4.8k 2.23

822P | N 10 1.93 6.65 2.23%

D P 100 .79 12.5 2.23

M P 1 3.63 7.27 1.18

N N 10 3.63 5.87 1.02
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TABLE 2

SUMMARY OF OXYGEN CONCENTRATION CALCULATIONS

SAMPLE OH oy
waem | o) | & (enY) | 88| (x207ev) | x 2017 Ophtons
T
ko2 P 5.26 22 L5L.5 2.73 4.87
522 P 3.61 17 588.2 2.11 2.59
622 P 3.99 23 434.8 2.85 3.87
722 P L. 6k 25 Loo. 3.10 4.8k
822 P 5.24 30 33343 3.73 6.65
D 12.34 2k 116.7 2.98 12.5
M 6.91 25 L00. 3.10 7.27
N 5.79 2h L16.7 2.98 5.87
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TABLE 3

SUMMARY OF DEFECT LEVELS REPORTED

IOCATION OF ASSOCTATED
INCREASED
" DEFECT ReMARKS
ABSORPTION ENERGY LEVEL
(MICRONS) :
1.8 E, - 0.21 ev DIVACANCY (refs. 9, 18).
3.46 Excited states of defect giving rise
) EC - 0.21 ev to the 1.8 micron absorption
5.62 (refs. 9, 18).
11.0 —_— Associated with oxygen vacancy

complex (ref. 15).

Oxygen vibrational band composed of
12.0 EC - 0.17 ev a substitutional oxygen atom coupled
to a vacancy (A-center) (ref. 15).

Associated with oxygen vacancy

12.67 complex (ref. 15).
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TABLE 4

SCME PHYSICAL PROPERTIES OF SILICON

PROPERT IES VAIUE

Atoms per cm’ (x 1022) k.99
Band gap (25° C)(eV) 1.106
Debye temperature (°©K) 652
Density (gm/cmd) 2.328
Dielectric constant 11.7
Distance between nearest atoms (A) 2.35
Elastic_moduli Ci1 1.674

(x 1012aynes/em2) Cip 652

Chly 796

Electron effective mass ratio 1.1
Electron lattice mobility (em2/V . sec) 1900
Emissivity (12000 C) ~.5
Energy gap transition type indirect
Hole effective mass ratilo .59
Hole lattice mobility (cm?/V . sec) 425
Intrinsic electrons (25° C) (cm=2) 1.5 x 1040
Intrinsic resistivity (25© C) (ohm-cm) 2.3 x 109
Latent heat of fusion (Kcal/mole) 9.45
Lattice constant (&) 5.4%1
Magnetic Susceptibility (c.g.s.) =0.13 x 10-6
Melting Point (©C) 1420
Pressure at m.p. (atm) 10-6
Refractive index, N 3.h2
Specific heat (cal/gm) 0.181
Temp. dep. of band gap (eV/°C) bl x 10-k
Temp. dep. of electron mobility T‘g'5
Temp. dep. of hole mobility =27
Thermal coeff. of expansion (1°) k.2 x 1070
Thermal conductivity (watt units) .8k
Volume compressibility (x 10-12cm2/degree .98
Work function (eV) 5.05
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Figure 2,- Energy band structure of a silicon semiconductor.
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Figure 6.- DK-1A spectrometer used for making transmission spectra
from 0.75 - 2.5 microns.
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Figure 9*- Sample prole used to hold silicon disc into position
in the proton beam pipe.
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Figure 10.- Spiral water flow assembly used to water cool and hold
silicon disc into sample probe.
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Figure 11.- The infrared transmission spectrum of an N-type, 10.0 ohm-cm

silicon sample (No. 422P) exhibiting the 1.8 micron absorption peak at
room temperature.
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Figure 12.- The infrared transmission spectrum of a P-type,
100.0 ohm-cm silicon sample (No. D) exhibiting the
1.8 micron sbsorption peak at room temperature.
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Figure 16.- Three equivalent electronic distributions of a divacancy (ref. 18).

The orientations of the sample are shown.
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Figure 17.- The infrared transmission spectrum of a P-type,
1.0 ohm-cm silicon sample (No. 522P) exhibiting the 3.46
and 3.62 absorption peaks at liquid nitrogen temperature.
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Figure 18.- The infrared transmission spectrum of a P-type,
10.0 ohm-cm silicon sample (No. 622P) exhibiting the 3.46
and 3.62 absorption peaks at liquid nitrogen temperature.
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Figure 19.- The infrared transmission spectrum of an N-type
10.0 ohm-cm silicon sample (No. 822P) exhibiting the 3.46
and 3.62 micron absorption peaks at liquid nitrogen
temperature.
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Figure 20.- The infrared transmission spectrum of an N-type
10.0 ohm-cm silicon sample (No. L22P) exhibiting the 11.6,
12.0, and 12.67 micron absorption peaks at liquid nitrogen
temperature.
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Figure 21.- The infrared transmission spectrum of a P-type,
10.0 ohm-cm silicon sample (No. 622P) exhibiting the 11.6,
12.0, and 12.67 micron absorption peaks at liquid nitrogen
temperature.
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Figure 22.- The infrared transmission spectrum of an N-type,
1.0 ohm-cm silicon sample (No. 722P) exhibiting the 11.6,
12.0, and 12.67 micron peaks at liquid nitrogen temperature.
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