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ABSTRACT

An investigation of the annealing of the radiation induced carrier

concentration change in antimony doped germanium in the temperature range

between 370° Kelvin and lr55° Kelvin has been made. The irradiations

were conducted at liquid nitrogen temperature using cobalt-60 gamma

irradiation. A model which explains the observed behavior is presented.

On the basis of this model, the observed annealing consists of vacancy

diffusion simultaneously to impurity sites and annihilation centers.

Analysis of the activation energy for the annealing process yields

values of 0.8 "to I.J4. electron volts in agreement with the range of

energies which have been attributed to vacancy motion but which cannot

be resolved into unique components. The complex activation energy

is explained by the model in terms of the impurity concentration. It is

observed that the change in carrier concentration saturates before com

plete annealing is achieved. This saturation which is stable for further

annealing at higher temperatures is also explained in terms of the model.

The vacancies are considered to diffuse to annihilation centers, such as

dislocation lines, and to the site adjacent to an antimony atom. Those

which go to an antimony are trapped. The antimony-vacancy complex can

break up to supply a vacancy back to the system or can trap an addi

tional vacancy producing an antimony-divacancy complex. The antimony-

divacancy complex is stable for the temperature range considered. The

antimony-vacancy reaction comes into equilibrium very quickly compared

to the annihilation process.



CHAPTER I

INTRODUCTION

The electrical properties of semiconductors are known to be ex

tremely sensitive to both the chemical impurity and the structural
1

imperfections present in the crystal. Consequently, a change in the

imperfection content of the crystal will produce a change in its elec

trical properties. Such imperfections may consist of chemical im-

2
purities situated at a lattice site or some interstitial position, or

3
they may consist of discontinuities in the periodicity of the lattice.

Lattice imperfections, or defects, may be introduced in various

ways.^ Some of the techniques employed are plastic deformation, quench

ing, and irradiation. Irradiation is the most flexible of these three

techniques for introducing lattice defects since it is subject to precise

control and measurement. The detailed nature of the defects introduced

by these methods differ greatly. Hobstetter and Renton found that the

w. Shockley, Electrons and Holes in Semiconductors. (D. Van
Nostrand Company, New York, 1950J7 pp. k-^Z, 250-2 9U.

i/\I. Crawford Dunlap, Jr., "Impurities in Germanium," Progress
in Semiconductors, A. F. Gibson (ed.), Vol. 2 (John Wiley and Sons, Inc.,
New York, 1957), pp. 167-209.

3
J. N. Hobstetter, "Effect of Imperfections on Germanium and

Silicon," Semiconductors, N. B. Hannay (ed.), (Reinhold Publishing
Company, New York, 1959), pp. 508-539-

^J. N. Hobstetter and C. A. Renton, J. Appl. Phys. 33, 600
(1962).
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electrical properties changed differently for different methods of

defect introduction.

The nature of the defect introduced also depends on the type of

5
radiation used. The irradiation may consist of heavy charged particles

such as protons, deuterons, alpha-particles, or bombardment by any

ionized atom. The damage resulting from such charged particles is

characterized by a heavy concentration of displacements along the path

of the particle and a finite depth of damage determined by the range of

the particle. The irradiation may consist of neutron irradiation from

a source such as a reactor. Neutron irradiation tends to be more homo

geneous than charged particle irradiation. The products of neutron

irradiation are activated atoms due to capture of thermal neutrons with

associated atomic displacement from the capture gamma recoil, and dis

placements due to atomic recoils from elastic collisions of the neutron

with the atoms of the sample. The recoil atoms, or "knock ons," become a

source of damage and behave like charged particle irradiation which is

internally generated in the sample. Irradiation by electron beams tends

to produce a simple defect by removing an isolated atom from its lattice

site to an interstitial position leaving behind a vacancy. This in

terstitial-vacancy pair, or Frenkel defect, is the most simple radiation-

produced defect in semiconductors and hence the defect most amenable to

analysis and study. Electron irradiation has the same limitations as

D. S. Billington and J. H. Crawford, Jr., Radiation Damage
in Solids, (Princeton University Press, Princeton, 1961), pp. 11-53,
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other charged particle irradiations in that the electron has a finite

range in the sample, hence care must be taken to minimize the effects

of non-homogeneous defect concentration.

Gamma-ray irradiation produces electron irradiation throughout

the sample by means of Compton electrons. The defect produced is pre

dominantly the interstitial vacancy pair. If the energy transferred to

the interstitial is insufficient to initiate a displacement cascade then

such irradiation will produce a distribution of interstitials and

vacancies throughout the crystal.

The changes in the electronic energy level structure of semi-

7
conductors depend strongly on the nature of the irradiation used.

Concepts of the nature of the introduced defect range from that of

simple interstitial-vacancy pairs produced by gamma ray and electron

irradiation to that of complex disordered regions resulting from ener-

getic heavy particles .8^10

The most simple defect which might be produced in a semiconductor

is the displacement of a single atom from its lattice site to an inter

stitial position to form an interstitial-vacancy pair. Such a defect

would occur if the energy transferred per event from the incident

0. S. Oen and D. K. Holmes, J. Appl. Phys. 30, 1289 (1959).

7E. I. Blount, J. Appl. Phys. 30, 1218 (1959).

8Billington and Crawford, op. cit., pp. 76-170, 312-368.

9B. R. Gossick, J. Appl. Phys. 30, 12m (1959).

10J. H. Crawford, Jr. and J. W. Cleland, J. Appl. Phys. 30, 12QU
(1959).
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radiation were just enough to displace an atom from its normal position in

the lattice. The minimum energy required to produce such a single inter

stitial pair has been the subject of considerable investigation.

Brown and Augustyniak considered both orientation of the crystal
12and the temperature of the irradiation. Brown and Augustyniak found

that electron energies above 1|00 thousand electron volts (Kev) were re

quired to produce defects in n-type germanium at 70 degrees Kelvin (°K).

This corresponds to a displacement energy of 16 electron volts (ev) as

a threshold energy in n-type germanium. The defect production rate in

creased sharply as the electron energy was increased above 1^00 Kev.

The cross sections for the displacement of lattice atoms by gamma

rays for energies up to 5 million electron volts (Mev) have been cal-
]_3

culated by Oen and Holmes. If one uses the average value of 1.3 Mev

for Cobalt 60 gamma irradiation and the Z for germanium of 32, the

curves of Oen and HoLmes give a cross section for production of primary

displacements by photo-electrons of about 5 x 10~27 centimeters2 (cm2).

The cross section for defect production resulting from particles produced

by pair production is negligibly small. Hence, the dominant process by

which cobalt 60 gamma irradiation produces lattice defects is the

irradiation of Compton electrons produced inside the crystal by the

J. J. Loferski and P. Rappaport, J. Appl. Phys. 30, 1296
(1959). —

12W. L. Brown and W. M. Augustyniak, J. Appl. Phys. 30, 1300
i* tyi* 7).

13Oen and Holmes, loc. cit.
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cobalt 60 gamma radiation. Since the electron irradiation is produced

inside the crystal, the resulting defects are distributed homogeneously

throughout the crystal. Since the measurements are interpreted in terms

of the bulk properties of the material, the homogeneity of the sample

becomes an important consideration. This is particularly important in

the case of a semiconductor such as germanium in which defect gradient

can produce nonlinear electrical properties. Consequently there is a

definite advantage in having a homogeneous distribution of defects.

The defect configuration resulting from irradiation has been

found to be dependent upon the temperature at which the irradiation is

conducted as well as on the type of radiation used.^ MacKay and Klontz

found that n-type germanium irradiated at about 10°K by 1.1 Mev electrons

showed a pronounced annealing which occurred in two stages; one at 31;°K
0

and another at 6u K. They estimate the activation energies to be approxi

mately O.Oii ev and 0.07 ev respectively. Since the activation energy
15for vacancy motion is estimated to be of the order of 1 ev, the process

observed by MacKay and Klontz is probably not vacancy diffusion. Further

investigation by MacKay and Klontz has shown that the relative amount of

annealing in each of these temperature ranges depends upon the total

flux which the sample receives. No appreciable annealing occurs in the

3^> K stage for fluxes less than 10 electrons /cm . About half the

•^J. W. MacKay and E. E. Klontz, J. Appl. Phys. 30, 1269 (1959).
X%. Letaw, Jr., L. M. Slifkin, and W. W. Portnoy, Phys. Rev. 93,

892 (195U). —
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recovery is in each stage for fluxes above 101' electrons/cm . ' The

per cent of annealing in the 6l± K stage varies with bombardment energy

from 10 per cent for 600 Kev electrons to 50 per cent for 1.0 Mev.

These authors interpret this annealing as resulting from the re

combination of the nearest and next nearest stable interstitial-vacancy

pairs. The work of MacKay and Klontz clearly shows that the defect

configuration at 10 K and 78 K must differ. One might also suspect

that irradiation at 10°K, 78 K, and room temperature might lead to

different defect configurations.

One can therefore conclude that the defect structure resulting

from irradiation depends upon:

1. The type of radiation used;

2. The total dose received by the sample;

3. The temperature at which the irradiation was conducted; and

k- The energy of the irradiation used.

The annealing of the irradiation induced changes in the electrical

properties has been used for some time as a means of studying both the

nature of irradiation induced defects and their energies of motion. A

series of experiments was conducted by Brown, Fletcher, and Wright using

3 Mev electrons to irradiate n-type germanium. The irradiations were

1%. E. Klontz and J. W. MacKay, Bull. Amer. Phys. Soc, Series
II, 6, 303 (1961).

17J. W. MacKay and E. E. Klontz, Symposium on Radiation Damage in
Solids and Reactor Materials, Venice, Italy, May 1962, To be published.

18W. L. Brown, R. C. Fletcher, and K. A. Wright, Phys. Rev. 92,
591 (1953). _
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conducted at room temperature. They obtained an activation energy of

1.7 ev for the annealing of the induced defects which they interpreted

to be vacancies. They estimated that the defects produced by 3 Mev

electrons would be isolated interstitial-vacancy pairs.

More recent work by Brown, Augustyniak, and Waite has shown the

annealing process to be more complicated than had been previously assum-

19
ed. The work of Brown and co-workers indicated the annealing of the

radiation induced changes in electrical properties such as the conduc

tivity and carrier concentration to be a strong function of the impurity

type and concentration. A similar result was obtained by Curtis in the

annealing of irradiation induced changes in the minority carrier life-

.. 20
time.

The purpose of this study was to investigate the annealing be

havior of antimony doped n-type germanium under carefully controlled

conditions in an attempt to learn some of the details of the processes

involved in such annealing which occurs in the range of 78°K to U55°K.

The type of irradiation, sample impurity, and temperature of irradia

tion were the same for all samples studied. The irradiations were all

performed in the same source. All irradiations were conducted with

the sample immersed in liquid nitrogen. Similarity of samples was

obtained by taking all samples from the same ingot.

%. L. Brown, W. M. Augustyniak, and J. R. Waite, J. Appl. Phys.
30, 1258 (1959).

T>. L. Curtis and J. H. Crawford, Jr., Phys. Rev. 126, 13ii2
(1962). —



The annealing temperature and annealing times were the controlled

variables, the annealing kinetics and activation energies involved were

studied using these variables.



CHAPTER II

EXPERIMENTAL PROCEDURE

A. Measurement of Changes in Carrier Concentration

The free carrier concentration as measured by the Hall-effect is

a convenient quantity by which to study changes in semiconductors. When

the sample is in the extrinsic condition, the sign of the Hall voltage

indicates the type of carrier. The magnitude of the Hall voltage is a

measure of the free carrier concentration. Since the free carrier

concentration is the algebraic sum of the concentration of the various

charge centers multiplied by their respective ionization state, the

carrier concentration is a measure of the ionized charge center con

centration. Consequently, a measurement of the carrier concentration

can also be a direct measurement of the concentration of crystal defects.

The Hall coefficient, R, is related to the carrier concentration

for intrinsic material by the relation

2 2
R =3n P^h - n 1% electromagnetic (1)

^ (p nh +n M- )2 units (emu)

where n is the electron concentration,

p is the hole concentration,

[ie is the electron mobility,

u^ is the hole mobility, and

W. E. Shockley, Electrons and Holes in Semiconductors. (D. Van
Nostrand and Company, New York, I9^0j, pp. 2QI7-2T7T
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e is the electronic charge.

2
At thermal equilibrium, n and p are related by the expression

_ , /2tt m* kTx3 a "Eg/kT centimeters-6, (2)

where E„ is the energy width of the forbidden band

m-x- is the geometric mean of the effective masses of the

electrons and holes,

h is Plank's constant,

k is the Boltzman constant, and

T is the temperature ( K).

The coefficient in equation 2 is a product of a constant and the

cube of the temperature. For germanium this expression becomes

-Eg/kT
np = 2.33 x 1031 T3 e (cm-6).

If electron donor impurities are present in the crystal to such

an extent that

n » p,

then the sample conductivity is said to be n-type, and the sample is in

the extrinsic condition. Conversely when p » n the sample is said to

be p-type.

For a sample in the extrinsic condition

3n
R = (+) )e nj_ >

where nj_ refers to the concentration of the excess carriers and the sign

2
Ibid., p. 2[|.5.
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is + for p-type and - for n-type.

The concentration of excess carriers is thus given by

„. = 7.38 x 10!8 _3
cm

R

3
The Hall coefficient is given by

R =j-jr x 10° cm-3 coulomb-1,

where V is the Hall voltage in volts,

t is the thickness of the sample,

I is the current in amperes,

H is the magnetic field in gauss, and

H is perpendicular to I.

Consequently one can measure the type and magnitude of the charge

carrier concentration in terms of a length, current, magnetic field,

and a voltage. Changes in charge carrier concentration will then be

observed as a change in voltage to current ratio.

The experimental procedure used in the study reported here was as

follows:

1. The Hall coefficients of samples of n-type germanium single

crystals were measured as a function of temperature from 77°K up to well

into the intrinsic range before irradiation.

2. The samples were then exposed to cobalt 60 gamma irradiation

at 77 K until approximately 90 per cent of the conduction electrons had

been removed. The intensity of the cobalt 60 source was 5 x 106

•%. Crawford Dunlap, Jr., An Introduction to Semiconductors,
(John Wiley and Sons, Inc., New York, 1957), p. 6.
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Roentgen per hour (R per hr.). Some of the samples were monitored during

the irradiation in order to determine the carrier removal rates.

3. Subsequent to irradiation, some of the samples were given

isochronal anneals to survey the annealing behavior and to establish

the proper temperatures for isothermal annealing. The sample tempera

ture was brought to an annealing temperature which was maintained for

20 minutes. The temperature was then reduced to the reference tempera

ture of 77°K for measurement. After measurement the sample temperature

was brought to a higher annealing temperature and held for 20 minutes.

This process was repeated at successively higher temperatures until the

temperature ranges of the various steps of annealing had been determined.

i|. The Hall constant as a function of temperature for those

samples which were to be isothermally annealed was measured within the

temperature limits which were established by the isochronal anneals as

the temperature range in which annealing was not measurable.

5. Subsequent to irradiation, some of the samples were sub

jected to isothermal anneal at pre-determined temperatures.

6. Before and after each annealing period, the temperature was

lowered to a reference temperature at which the Hall constant was

measured. The reference temperatures used were 77°K and 273°K.

7. The data was then plotted in terms of a normalized fraction

of induced carrier concentration change remaining. This parameter

was designated f(n).

The parameter f(n) was computed from the relationship

f(n)
= n0 - nt

n0 - nr
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where n0 = the carrier concentration before irradiation,

nr = the carrier concentration after irradiation, and

n-t, = the carrier concentration after anneal.

The values of f(n) ranged from 1 immediately after irradiation

to 0 when all the induced change had been removed.

B. Measurement in Changes of Reciprocal Mobility

The conductivity (CT) for n-type extrinsic material is given by

cr = n e u. ,

where n is the conduction electron concentration,

e is the charge of the electron, and

u. is the electron mobility.

Using laboratory units of gram, cm, sec, volts, coulombs, and gauss,

the Hall constant becomes

R = 3n 1K T nT+e7 *

Hence the mobility is given by

_ 8 R - 8 Ru, - — HCT - *- - ,
3rr 3tt p

where p is the resistivity.

The mobility is related to the mean free time the electron travels

between scattering collisions by

u, = - t .
m

where t is the mean free time between scattering collisions. The mean

W. Shockley, Electrons and Holes in Semiconductors, (D. Van
Nostrand Company, Inc., New York, 1950), pp. 187-217.
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free time is proportional to the product of the thermal velocity of the

electron (v) and the mean free path 1,

t = v 1

Since the mobility depends upon the thermal velocity of the elec

trons, the mobility is temperature dependent. For lattice scattering,

the mobility is approximately proportional to the minus three halves

5
power of the temperature. For germanium, this lattice contribution to

the mobility y,, is given by

u,L =19 x TO6 T" 3/

The scattering by ionized centers is coulomb scattering. The

mobility (p^) resulting when coulomb scattering is the scattering mech

anism has been calculated by Conwell. The expression for germanium is

x 1/2 3/2
5 x id1? JL_ ZMr

' ""eff I . „,:1 m.

% In (1 + 8.3xl08 _T )
Nl 273'

where Nj is the concentration of charge centers, and

me££ is the effective mass of the electron.

The Conwell expression gives the reciprocal mobility to be proportional

to the concentration of the scattering charge centers. One may choose
6

flieff to be m/k. Using this value, one obtains for the reciprocal

mobility for germanium

2

•i =5-93 x 10-19 T-3/2 Ni ln(l +8.3 x 108 T • ) .
^ % 2/3

5
E. M. Conwell, Proc. IRE kO, 1327 (1952).

JP. P. Debye and E. M. Conwell, Phys. Rev. 93, 693 (1951|)
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Since N. may not be identical with the change in carrier concen

tration, it is necessary to study the change in mobility during the

annealing process.

A function f(_) may be defined by

*(i) -̂ ,u. 1 _ 1

M-o ^r

where u. is the pre-irradiation mobility,

u.r is the post-irradiation mobility, and

u,, is the mobility measured after anneal.

C. Sample Preparation

The samples were made by slicing disks perpendicular to the growth

axis of the crystal and cutting samples from the disk by means of an

ultrasonic cutting die. The configuration of the resulting sample is

shown in Figure 1. The surface of the sample was then etched with CPlj

7
etch and washed with 9$ per cent ethyl alcohol. Typical sample dimen

sions are:

t = 0.075 cm,

w = 0.20 cm, and

1 = 0.50 cm.

Electrical connection was made to the sample by soldering #36

'CPI4. etch consists of twenty parts concentrated nitric acid,
twelve parts 50 per cent hydrofluoric acid, twelve parts glacial acetic
acid, and one-half part bromine.



Figure 1. Sample configuration.
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wire to the ends and large surfaces of the projecting sections using a

lead-tin solder containing 2 per cent antimony. Zinc chloride solution

was used as a flux. The resulting contacts were checked for rectifica

tion both with the sample at room temperature and with the sample immersed

in liquid nitrogen.

Those contacts which rectified sufficiently to be detected with

a resistance measurement using a Simpson Multimeter were re-etched and

re-soldered. Only samples with non-rectifying contacts were used.

Rectifying contacts cause minority carrier injection and general

non-ohmic behavior which would yield spurious values for the properties

measured.

D. Sample Homogeneity

The influence of carrier concentration gradients on the galvano-

magnetic effects in semiconductors has been investigated by Bate and
9

Beer. Bate and Beer were primarily interested in the effect of con

ductivity gradient on magneto resistance, however, their work shows

that a conductivity gradient can produce an electric field component

parallel to the Hall field. Consequently the Hall constant measured in

such a sample would not give a true measurement of the carrier concentra

tion. This spurious voltage would change during an irradiation and

annealing experiment resulting in an erroneous behavior of f(n). A

H

George C. Haiman and Theodore Higier, J. Appl. Phys. 33, 2198
(1962). —

q

yR. J. Bate and A. E. Beer, J. Appl. Phys. 32, 806 (1961).
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sample having a 1 per cent gradient before irradiation would have a 10

per cent gradient after the irradiation had removed 90 per cent of the

carriers.

A carrier gradient in any direction will produce an erroneous

value for the conductivity. Since this will vary with temperature, the

temperature characteristic of the mobility can be altered considerably

by such gradients.

A gradient in carrier concentration can also be produced by a

gradient in the irradiation field. A uniform sample irradiated in a

gamma field which was 1 per cent more intense at one end of the

sample than at the other end would produce a 10 per cent gradient in

the carrier concentration after irradiation. Consequently it was

necessary to take every practical precaution to assure that the sample

was homogeneous and that carrier concentration gradients were not pro

duced during the irradiation.

Each sample was checked for gradients in the carrier concentration.

Terminals 1 and 7 were used as current connections. Terminals 6 and 8

were used as Hall voltage connections. Acceptable samples showed zero

voltage across terminals 6 and 8 for both directions of current when the

sample was out of the magnetic field. The magnitude of the Hall voltage

was the same for either direction of current flow when the sample was in

the magnetic field. As a further check, a 100K 10 turn Helipot was

connected across terminals 3 and k. The Helipot was then adjusted so

that the voltage between the sliding contact and contact 6 was zero when

the sample was out of the magnet. A zero setting of less than 5 per
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cent deviation from the center point was accepted providing the setting

did not change when the current in the sample was reversed. This latter

check was sensitive not only to the gradient of carrier concentration

between contacts k and 3 but also was indicative of the presence of

carriers injected by the current contacts.

These checks were made before and after irradiation.

E. Sample Holder

The sample was placed in the holder as is shown in Figure 2.

Electrical insulation between the sample and the phosphor bronze was

provided by a layer of cellulose acetate tape placed on the phosphor

bronze strip. Electrical isolation was thus provided without undue

thermal insulation.

The slot in the sample stick protects the sample against break

age. The phosphor bronze strip is secured by wrapping the entire

assembly with cellulose acetate tape. The sample is then in an en

closed chamber. Thus when the sample is transferred from the irradia

tion facility to a handling or measuring facility the transfer can be

made without completely removing the sample from a liquid nitrogen bath.

This technique for maintaining the sample at liquid nitrogen

temperature made it possible to conduct the exploratory isochronal anneals

starting at 77°K.

F. Annealing Procedure

During measurement the sample was placed in a furnace in which

a temperature can be maintained in the range from liquid nitrogen up to
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about 200 C. The arrangement is shown schematically in Figure 3. The

sample holder was held against one side of the sample chamber by means

of a phosphor bronze spring. The thermocouple used both for temperature

measurement and control was imbedded in the copper sample chamber direct

ly behind the sample. The heat sink for the system was provided by a

copper rod which connects the sample chamber to a liquid nitrogen bath.

Temperature equilibrium of the sample was monitored after a temperature

change by recording the sample resistivity. Thermal equilibrium was in

ferred when the resistivity change had stabilized at a new value. In

practice this required a waiting time of about ten minutes after a

temperature change.

It was observed during initial testing of the equipment that be

cause of thermal lag in the assembly, a small amount of over-shoot in

the temperature of the furnace would result in a sharper temperature

pulse in the sample as observed from the resistivity changes. By this

means, the uncertainty in the leading edge of the temperature pulse in

the sample was reduced to less than three minutes. Since the isochronal

anneals were twenty minutes long, the isochronal anneals were conducted

using the temperature control furnace in the measuring apparatus.

Some isothermal anneals which were conducted at low temperature

required times long compared to three minutes before significant changes

were observed. Consequently some samples were annealed isothermally

without being removed from the temperature control furnace.

The majority of the isothermal anneals were conducted by plunging

the sample into a silicone oil bath which was maintained at the annealing
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temperature. The thermal shock resulting from plunging the sample into

the hot oil resulted several times in separation of contacts from the

sample. Since the anneals were conducted at temperatures above 273°K,

it was possible to res older the contacts while the body of the sample

was immersed in a distilled water-ice slurry. Such resoldering did not

anneal the sample and usually produced acceptable contacts. When accept

able contacts could not be made, the anneal was terminated and the ex

periment repeated with a new sample.

G. The Magnetic Field

The magnetic field was produced by an electro-magnet. The

magnetic field was controlled at 5000 gauss by controlling the current

through a resistance in series with the magnet coil. The voltage de

veloped across the resistor was compared with a stable pre-set demand

voltage. The difference signal was used as the input to a servo ampli

fier which controlled the current in the field coil of a dc generator.

The dc generator served as the power supply for the magnet.

The magnetic field was measured using a rotating coil gaussmeter

which had been calibrated by comparison with a field measured by proton

resonance. The magnetic field was reproducible to within 1 per cent

over a test of several days during which the field had been cycled from

5000 gauss to zero many times.

Measurement of the resistivity of the sample required a zero

magnetic field. The magnet was controlled at zero gauss by adjusting

the current in the magnet until a germanium plate fastened to the pole
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face showed zero Hall voltage. The control circuit was capable of re

versing the current in the magnet. Without this provision for zero

field, the resistivity measurements would include a contribution from

the magneto resistance produced by the residual flux in the magnet. Thus

the resistivity measurements would be in error. The magnitude of the

residual flux would not be constant, since it would depend upon the time

elapsed since the current in the magnet coils had been turned off. Con

sequently, the resistance readings would be scattered as well as in

error.

H. The Measuring Circuit

The measuring circuit is shown schematically in Figure I4..

The measurements were made using a null technique in which the

current through the sample entered into the measurements in such a way

as to cancel. The resultant measurement was made by an analogue com

puting circuit which operated on a shared time basis between Hall and

resistivity. The output was recorded on a twelve point recorder. The

circuit is shown schematically in Figure i|..

Switch 3 in Figure k i-s shown in the resistivity position. When

the chopper (sw 2) is connected across C]_, a current will flow in the

transformer primary if the voltage on C]_ is different than that on Co.

When the chopper is connected across C2, a current will flow if the

voltage across C£ is different than that across Co. These pulsating

currents produce a signal which can be amplified and cause the servo

motor to adjust Rl until the voltage across Cj_ and Cn are equal. At

this null position there is no current drawn from the sample.
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In addition to providing a null type measurement, this technique

allows four terminal measurements with complete isolation between the

two pairs of terminals. Consequently there is no dc interaction between

the various parts of the circuit as a result of making the measurement.

The voltage between the resistivity contacts is given by

v* =° *A1 -
where p is the bulk resistivity,

1 is the distance between the contacts,

t is the sample thickness,

W is the sample width, and

I is the current.

The voltage across C is given by

VR =r QI,

where r is the resistance per unit displacement,

0 is the displacement, and

1 is the current.

At balance,

PtlI=r01'
t W „

p = —r e .

Hence the resistivity is given in terms of the product of two constants

and the position of the resistor contact. One constant is determined

by the dimensions of the sample. The second constant is determined by

the resistance of the resistor. These two constants are known.

The sliding contact of R-j^ is mechanically connected to the sliding
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contact of R^. B± is a constant voltage supply. The current is adjusted

by R2 until the recorder reads full scale for the maximum value of R1#

The resistivity is then given by the recorder reading times the

sample constant times the magnitude of R, . The magnitude of Rk is also

recorded. The Hall coefficient is given by

R -EH

where R is the Hall coefficient,

EH is the electric field produced by the Hall effect,

J is the current density, and

H is the magnetic field. Since

J = r-y? , then R is given by

R = EHtw =Ul
I H I H '

where V is the voltage produced across the sample.

If one expresses

V in vo It s ,

t in cm,

I in amperes, and

H in gauss,

the expression becomes

R=l± x 108 .

The voltage V can thus be expressed as

RIH ,^8V = —— x 10° = r 0 I .

Hence R is given by



R =L-£!x
H

The Hall constant is thus expressed in terms of the scale factor,

r, a known constant, and the position of the sliding contact.

28



CHAPTER III

EXPERIMENTAL RESULTS

A. Isochronal Survey of Carrier Concentration Annealing

A survey of the effective temperature range for annealing was

made by means of an isochronal anneal using successive temperature pulses

of twenty minutes duration starting at 77 K and increasing to li25 K in

5 K increments.

An isochronal anneal of one sample on warmup after gamma irradia

tion is shown in Figure 5» These data are in qualitative agreement with

that of Brown, et al., taken on annealing of damage introduced by 0.5

Mev electron irradiation (Figure 6). The carrier concentration of the

material used by Brown, et al., was of the order of 3 x lO^- cm~3. The

carrier concentration of the material used here is of the order of

10^ cm-3.

In both Figure 5 and Figure 6 there is an increase in the in

duced carrier change in the temperature range below 300 K. Brown

attributes this increase to the emptying of minority carrier traps. This

interpretation is in agreement with the observations of Haynes and Horn-

2,3
beck, and Shulman. An increase in conductivity was observed due to

w. L. Brown, W. M. Augustyniak, and T. R. Waite, J. Appl. Phys.
30, 1258 (1959).

2J. R. Haynes and J. A. Hornbeck, Phys. Rev. 90, 152 (1953).

3R. G. Shulman, Phys. Rev. 102, LLl51 (1956).
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photo excitation of holes to these trapping centers leaving in the con

ductivity band a corresponding concentration of excess electrons. These

trapping centers are effective at temperatures below 183 K. Schulman

observed the introduction of such minority carrier trapping centers in

germanium by high energy electron bombardment.

Since the samples in this experiment were annealed in the dark, it

was not possible to differentiate between annealing and release of minor

ity carriers from traps. The release of trapped minority carriers would

result in a permanent change since there was no light present to re-

excite minority carriers to the traps when the sample was measured at

77 K after the temperature pulse. The evidence of previous work, how

ever, strongly supports Brown's explanation.

A second sample was exposed and given an isochronal anneal to

study the details of the annealing structure in the region above 273°K.

These data are shown in Figure 7. Comparison of the two isochronal

anneals shows the same general behavior for the 77 K readings. EP8-A

was found to have a carrier gradient which accounts for the small dis

crepancies in the details of the 77 K curve. The effect of the gradient

is to smear out the drop in the curve at 320 K. The general shape and

the points at which the different annealing processes begin were the same

in the two curves.

The critical temperatures were also the same here as those in the

sample of Brown, et al., which had approximately twice as large a carrier

U-Ibid.
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concentration.

The most obvious thing suggested by Figure 7 is the presence of

more than one annealing mechanism. The region between 273 K and 320°K

is characterized by annealing in the 0.2 ev level, but shows no change

in the carrier concentration at 77°K. Both the 77 K and 273°K readings

changed rapidly between 320°K and 3U0°K. From 3U0°K to 390°K, there was

little change in the 77°K reading but there was a minimum in the 273 K

readings. From 1+00 K up, both the deep and shallow levels were removed

at about the same rate.

B. Isothermal Anneal of Carrier Concentration

A series of samples were irradiated and then annealed isothermally

at temperatures in the range between 370°K and li55°K. The temperature

limits were imposed by the time required to complete the anneal. The

changes at temperatures above h$S K occurred too fast'to allow accurate

measurement of the annealing time. Temperatures below 370°K required

times for annealing that were prohibitively long.

A compilation of the 77 K measurements is given in Figure 8. In

every case there was a rapid annealing which removed approximately 10

per cent of the induced carrier change. There was then a period in which

there was little change followed by a change which saturated and remained

constant. The major anneal occurred at longer times for lower tempera

tures. It can also be seen that the saturation plateau was higher for

lower temperatures.

After completion of the anneal of sample P at 377.2°K, the tem

perature of the oil bath was increased to lr55°K and a second anneal was
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attempted at this temperature. It was expected that the saturation

plateau would move from the value attained with an anneal of 377*2 K

to a value characteristic of a ii55°K anneal such as was observed for

sample I. Comparison of the curve for sample P with that for sample I

which was annealed at i|55 K indicates that a change in the saturation

plateau might have been expected. There was no change, however, in the

plateau value of f(n) after cumulative heating for six hours.

Sample 0 was also heated to lr55 K for several hours. The satura

tion plateau of this sample also remained unchanged. One may conclude,

therefore, that the arrangement of defects produced by annealing is a

function of the annealing temperature and once produced it is a stable

arrangement for the temperature range studied.

Brown, et al., evaluated the activation energy for their curves

by plotting the time required for the measured property to anneal to one

5
half of the initial value. The technique used here is to plot the time

for the major annealing process to go half way to completion. This is

the time required to fall half way from the initial plateau to the sat

uration plateau. This time has been designated r±.
2

The insulation of the lead wires of sample M was destroyed by the

irradiation. This required that the sample be brought up close to room

temperature for about two hours while insulation was provided. It is

seen from Figure 7 and the curve in Figure 8 that this produced an error

of about 5 per cent in the magnitude of f(n). The general shape of

Brown, Fletcher, and Wright, loc. cit.
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the curve however, is not altered. The error is equivalent to that pro

duced by a twenty minute anneal at 330 K. This is a negligible error in

o 6
t1 at U01 K.

2

Samples J and 0 were irradiated separately and were annealed in

different oil baths. The curves reproduce exactly for short times. The

saturation plateaux differ, but the values for t± are essentially the
2

same. This is an indication of the reproducibility of 7 .

A plot of log tx vs 10/T is shown in Figure 9. The lower tern
s'

perature region shows a slope of approximately 1.2 ev. The higher tem

perature region has a slope of about 0.8 ev. The data points fall along

a curve of the type which would be produced by two competing reactions

7
with different activation energies. A line with a 1.0 ev slope is

drawn through the intersection for comparison purposes.

These data are in qualitative agreement with the results of Ishino,

Nakazawa, and Hasiguti.

Ishino, et al., conducted their irradiations at 293°K. In addition,

these samples were allowed to stand several days before annealing. Con

sequently the low temperature processes had time to reach some sort of

equilibrium before the annealing began. Hence the details of the data

might be expected to differ from the results obtained in the work dis-

itf. L. Brown and R. C. Fletcher, Phys. Rev. 92, 591 (1953).

7
Arthur A. Frost and Ralph G. Pearson, Kinetics and Mechanisms,

(John Wiley and Sons, Inc., New York, 1958), pp. 2ij., 25"

S. Ishino, F. Nakazawa, and R. R. Hasiguti, "Annealing of Gamma
Ray Irradiated n-type Germanium." To be published.
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cussed here. They did, however, find a multi-step annealing behavior

and calculated a spread of activation energies ranging from 0.81 ev to

I.I4.3 ev. They obtained these values by plotting the log of the time

required for f(n) to reach a pre-determined value against the reciprocal

of the annealing temperature. The value of 0.81 ev was obtained for

f(n) = 0.7. The value of l.lj/3 ev was obtained for f(n) = 0.05. In

termediate values of f(n) gave intermediate values for the activation

energy.

The activation energies were calculated for arsenic doped samples.

However, the energy of motion of a vacancy through the lattice should be

independent of the type of impurity. The activation energy for anneal

ing should involve the energy of motion as well as the binding energies

of any complexes formed. The lowest value of 0.8 ev obtained by Ishino,

et al., agrees with the data reported here as well as that of Brown, et al.,

and Curtis.

A plot of the log of the saturation plateau as a function of lCr/T

is shown in Figure 10. The plateau value of sample M is known to be in

error. Sample B was annealed in the heater in the magnet before the oil

baths were constructed. Consequently the heating rate was slower for

this sample than those plunged in oil. From the observations in the

attempts at annealing the plateaux in samples P and 0 it can be inferred

that the annealing produced at lower temperature during the heating pro

cess results in the production of some sort of complex which does not

anneal at higher temperatures. Consequently a higher value for a plateau

would have been expected in a sample annealed in the manner of sample B
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than for a sample annealed using a faster heating rate. The resolution

of the data into two distinct slopes is more pronounced in Figure 10

than in Figure 9.

The complete isochronal annealing curves for samples P, J, 0, Q,

M, B, E, F, G, and I are given in Figures 11 through 20, respectively.

The values of f(n) are given for the 77°K value which includes both the

deep and shallow levels, the 273°K reading which measures only the deep

level, and the shallow level which is obtained from the difference in

carrier concentration observed between the 273°K and 77°K readings.

The saturation plateau for the 273 K reading or deep level was

always higher than that for the 77°K reading. The shallow level usually

reached a saturation plateau around f (n) of 0.2 with the exception of

samples B and E. As the annealing temperature was increased, the differ

ence between the saturation plateaux decreased. This would indicate

that the deep level was more stable than the shallow level.

The values of the log of tx for all three conditions are plotted

3 ^against 10 /T in Figure 21. There seems to be little difference in the

behavior of t1 for either level.
2

C. Mobility Changes

The values of f(-) for the isochronal anneal of EP8-K are shown

in Figure 22. The changes in mobility were small. Consequently the

scatter in the data was amplified when f(±) was computed. Comparison

with other data, however, suggested that the results were valid within

the limits of the solid lines and that the general shape of the curve

is correct. Approximately 25 per cent of the induced mobility change



100

ANNEALING TIME (min)

1000

Figure 11. Isothermal anneal at 377.2°K EP8-P.

UNCLASSIFIED

ORNL-LR-DWG 72846

10,000 100,000

r\3



100

ANNEALING TIME (min)

1000

Figure 12. Isothermal anneal EP8-J.

UNCLASSIFIED

ORNL-LR-DWG 72847

10,000 100,000

Ud



5 0.5

100 1000

ANNEALING TIME (min)

Figure 13. Isothermal anneal EP8-0.

UNCLASSIFIED

ORNL-LR-DWG 72848

100,000

•p-



1.0

0.9

UNCLASSIFIED

ORNL-LR-DWG 72849

Ii

s

^
-—/

n i ;

4-

•--
i -• - -

\

! rL A: i

1*^Cr—:

__l

"AT"

0.8

0.7

0.6

;

-

:\\
lI

RE

:
i i » •

267°K 4DING

\

D

"»
1

5 0.5

0.4

0.3

0.2

0.1

0

J

77°K 273°K SHALLOW

PLATEAU 0.405 0.585 0.18

f\. 0.632 0.725 0.532

T, 440 485 380
'z

J

l\ 77°K READING

ANNEALED AT 1000/^ = 2.55

392°K
:

i

119°C

- --

A\i

A

SHALL

A

OW

i

i

LEVEL

|

A

ii

0.1 1.0 10 100

ANNEALING TIME (min)

1000

Figure lij,. Isothermal anneal EP8-

10,000 100,000

•p-
Vn.



<= 0.5

ANNEALING TIME (min)

Figure 15. Isothermal anneal EP8-M.

UNCLASSIFIED

ORNL-LR-DWG 72850

10,000 100,000

•p-
ON



1.0

0.9

0.8 :

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.1

77°K 273°K SHALLOW

PLATEAU 0.445 0.667 0

/'/a 0.676 0.794 0.46

Tl
'Z

99 85

ANNEALED AT 407°K

1000//-= 2.455 _ .

1.0 10 100

ANNEALING TIME (min)

1000

Figure 16. Isothermal anneal EP8-B

UNCLASSIFIED

ORNL-LR-DWG 72851

273°K READING

77°K READING

10,000 100,000

•p-



100

ANNEALING TIME (min)

1000

Figure 17. Isothermal anneal EP8-E.

UNCLASSIFIED

ORNL-LR-DWG 72852

10,000 100,000

•p-
CD



1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

UNCLASSIFIED
ORNL-LR-DWG 72853

•—

l
T ~"v-^^

i

—

i
—

1

i
1

i

': i

j i

i

i

! j

77°K

PLATEAU 0.266

273°K

0.301

SHALLOW

0.233

V

A

f\. 0.578 0.578
'2

T\, 2 5.5 2 6.5

0.581

24.5

;

n

ANNEALED AT 425.5°K

1000/t-= 2.35

-1-

NTV *^ ( »

i.. a 27^° V F?F rt 1 M (3
4\ >

I

—i D 1
:

( K KtAU INb

HALLOW LEVEL
: ; i

\
•j—* S

i

!

A \

[
i

|

0.1 1.0 10 100

ANNEALING TIME (min)

1000 10,000 100,000

Figure 18. Isothermal anneal EP8-F.

•p-
VO



1.0

0.9

0.8

0.7

0.6

2 0.5

0.4

0.3

UNCLASSIFIED

ORNL-LR-DWG 72854

- —

!

«
i 1

—

i i
•

77°K

PLATEAU 0.261

273°K SHALLOW

0.250 0.291

-—-

_...

\ \\ 4
?

2

ANN

00(

0.593 0.572 0.620

15.5 12.8 17

\\]\ EALED AT435°K

Vt-= 2.30

-----
-

- —

i

-

I

'

i

', •i

4

-==^=* SH ALLOW LEVEL

°K READINGD
u r7

0.2

0.1

0

i t ~* 273°K READING [

i i

-- -

8

i

i

I j

0.1 1.0 10 100

ANNEALING TIME (min)

1000

Figure 19. Isothermal anneal EP8-G.

10,000 100,000

Vn.

O



J= 0.5

0.4

0.2

0.1

0.1 1.0

UNCLASSIFIED

ORNL-LR-DWG 72855

77°K 273°K SHALLOW

PLATEAU 0.235 0.266 0.207

10 100

ANNEALING TIME (min)

0.562 0.590

5.8 7

0.531

5.2

ANNEALED AT 455°K

1000/;-= 2.20

1000

273°K READING

77°K READING

SHALLOW LEVEL

10,000

Figure 20. Isothermal anneal EP8-I<

100,000

Vn.



3000

2000

1000

500

_. 200
c

E

o
Q.

100

<

i 50

Lf 20

10

52

UNCLASSIFIED

ORNL-LR-DWG 72859

p

o

D

SOLID POINT J A

3PEN POINT 6 )

• 77°K X

n ^73°K o rF
o
a

A/

A

A

D
o

B

E
A

AD
H°D

^

C; §

1
?
W

2.0 2.1 2.2 2.3 2.4

IOOO/7- (°K)

2.5 2.6 2.7

Figure 21. Composite 7 .
2



.0

0.8

0.6

H=L

^

0.4

0.2

0

UNCLASSIFIED
ORNL-LR-DWG 74402

EP8-K

ISOCHRONAL ANNEAL; 20 min PULSES;READINGS TAKEN AT 77°K

•

• •

•s. .^^ «*, "i^--^^^^^**'^^.
» 9

#

\_ •

^-.K ^' /

4

• " ____^><
•

\ 4)

O

N. •

• • "^--<

275 300 325 350 375 400

TEMPERATURE OF PULSE (°K)

425 450

Figure 22. Isochronal anneal EP8-K.

vn



Sk

was removed by heating to 273°K. There was a definite minimum around

3l|0 K and a sharp break at 390 K. Approximately 90 per cent of the

induced change was removed by the anneal to i±f50 K.

A plot of log - vs log T for EP8-P is given in Figure 23. The

data were taken before irradiation, after irradiation, and after a 70

minute anneal at 377.2°K. The change in - over most of the temperature

range has been removed except in the low temperature portion.

A plot of f(-) vs log of annealing time for sample EP8-P annealed

at 377-2 K and sample EP8-F annealed at 1;25.5°K is given in Figure 21;. The

377.2 K anneal showed two distinct steps. The final value of f(-) was

approximately 0.1. The 1;25.5°K anneal gave a monotonic decrease in

f(—) with a final value of approximately 0.025.

Since Ishino, et al., did not report mobility data, there is no

opportunity for comparison. However, the data shown in Figure 22

would suggest that the annealing behavior of samples irradiated at 293°K

would be similar to that shown in Figure 22. There is obviously a con

siderable amount of annealing of the mobility change during the warm-

up from 77°K to 300°K.

D. Temperature Dependence of Observed Change in Carrier Concentration

The annealing curves all showed that the annealing behavior was

different when the observations were made at 77°K from that when the

observations were made at 273°K. This temperature dependence was exhibited

both in the change in carrier concentration during irradiation and the change

10
Ishino, Nakazawa, and Hasiguti, op cit,
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in carrier concentration during anneal. The carrier concentration removed

when measured at 77°K and 273 K is plotted as a function of irradiation

in Figure 25. The slope of the curve measured at 77 K is nearly twice

that measured at 273 K. One can conclude that there are at least two

ionization states associated with the radiation induced defects. This

11
observation is in agreement with the data of Crawford and Cleland.

Crawford and Cleland found that in germanium which had been ir-

60
radiated at ambient temperature by Co gamma irradiation the change in

carrier concentration changed by about a factor of two when the Fermi

level crossed a level 0.2 ev below the conduction band.

The presence of the 0.2 ev level was also observed in the 77 K

irradiation. This is illustrated in Figure 26. The curves in Figure

2 6 were taken before and after irradiation and after an isothermal

anneal. The annealing times for the sample in Figure 26 are indicated

in the isothermal curve, Figure 11. The Hall curve taken immediately

after irradiation showed no energy level structure between the liquid

nitrogen reading and the 0.2 ev level. The Fermi level immediately after

irradiation was 0.078 ev at 77 K. The curve after 70 minutes anneal at

377 K was taken after the short time process was essentially complete.

A distinct level at 0.09 ev was produced by this first stage annealing.

The concentration of this level corresponded to a change in the carrier

12 -3
concentration of approximately 8 x 10 electrons cm . The strength of

this level in terms of change in carrier concentration remained

11J. H. Crawford, Jr. and J. W. Cleland, J. Appl. Phys. 30, 12 01;
(1959).
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essentially unchanged throughout the major annealing process.

A level at 0.09 ev has been reported by Fan and Lark-Horovitz in

12
electron irradiated n-type germanium. The level was observed using

photo-conductivity techniques with n-type germanium that had been ir

radiated with 1;.5 Mev electron irradiation.

12
H. I. Fan and K. Lark-Horovitz, "Irradiation of Semiconductors,1

Semiconductors and Phosphors, M. Schbn and H. Welker (editors), (inter-
science Publishers, Inc., New York, 1958), p. 121.



CHAPTER IV

DISCUSSION

A. Summary of Experimental Results

1. States observed. Examination of the Hall effect curve, Figure

2 6, and the curve for the change in carrier concentration during irradia

tion, Figure 25, reveals that two acceptor states are introduced by the

irradiation. One state is located approximately 0.2 ev below the con

duction band. The other state is located near or below the middle of

the forbidden band. The 0.2 ev level may be referred to as the shallow

state and its concentration designated Ns. The deep level may be re

ferred to as the deep state and its concentration designated N^. One

may conclude from Figure 25 and Figure 2 6 that the Co gamma irradia

tion at 77 K resulted in the introduction of these states in approximately

equal concentrations. A new state at 0.09 ev below the conduction band

appeared after a short anneal. This state was not observed in measure

ments made after irradiation but before anneal.

2. Isochronal anneal. Examination of the isochronal curves

reveals that first a decrease in the concentration of deep states was

observed followed by an increase which persisted until approximately

390 K. In subsequent annealing at higher temperatures, the total con

centration of states (NT) and the concentration of deep states annealed

together.

During the anneal up to 32 0°K, there was a definite decrease in
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the concentration of the deep states. However, some process also occurred

involving the shallow states in such a manner that the total concentra

tion of states remained unchanged.

The concentration of total states showed a sudden decline at

320°K which changed the concentration by about k per cent. There was no

further change in total state concentration until 380°K. The concentra

tion of deep states went through a minimum at approximately 370°K and

then rose sharply to a maximum at 395°K. Since the total state concen

tration did not change in this interval, this suggests that the deep

state concentration was increased at the expense of the shallow state

concentration. Formation of complexes by the more mobile constituent

with a consequent depression of the 0.2 ev state is a possible process

to account for the increase. The minor 1; per cent decrease in the

total state concentration suggests annihilation of the mobile con

stituent either at a sink or by its opposite member in the manner pro

posed by Reiss . The qualitative behavior of the effective concentra

tion change of the scattering centers as measured by the reciprocal

mobility was similar to that observed for the deep states. This change

in reciprocal mobility is shown in Figure 22. There was a minimum in

f(_) in the same temperature range as the minimum in f(n)97o. There

was also a definite break in the annealing curve at about 395°K which

resulted in a monotonic decrease in the induced change for annealing at

higher temperatures.

1H. Reiss, J. Appl. Phys. 30, lU;l (1959).
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The decrease in f(±) is essentially twice the decrease in f(n)27o.
The value of f(n)2^ for the minimum at 370°K had decreased by about 20

per cent. The value of f(-) at the same point had decreased over 50

per cent. The resultant decrease in f(n)2yo for the maximum at 395°K

was about 11 per cent. The value of f(i) maximum at 395°K represented
^ 1

a resultant decrease of about 35 per cent. These values of - were mea-

sured at 77 K. The total carrier concentration as represented by f(n)

measured at 77°K was essentially constant in this temperature range.

These observations suggest that the process involved in changing the

concentration of the deep state also produced the large change in the

effective scattering center concentration. Since the magnitude of the

percentage change in scattering is approximately twice that of the per

centage change in the deep state concentration, some process which pairs

up negative and positive charges suggests itself.

Since prior work does not indicate that interstitials form com

plexes with substitutional antimony atoms, it is difficult to specify

the nature of the complex. The formation of oxygen-interstitial or

vacancy-interstitial complexes could give a possible explanation to the

observed behavior. A di-interstitial or a cluster of interstitials could

be expected to have different scattering properties from those of isolated

interstitials. The scattering seems to be of the Conwell-Weisskopf type,

however, and the absence of any direct evidence for the presence of ionized

interstitials tends to rule against this assumption. The formation of

vacancy-antimony complex would produce the observed mobility change by con

verting scattering centers from isolated charges to a dipole plus a singly

charged monopole. The induced mobility change would thus be reduced without
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changing the carrier concentration.

The increase in the deep state concentration in the region between

360 K and 390 K without a corresponding change in the total state con

centration indicates that deep states are being produced at the expense

of shallow states. The conversion of shallow states to deep states has

been observed by Cleland, Crawford, and Holmes, and by Crawford and

Cleland in gamma irradiated n-type germanium with unspecified impurity

2 3
content. ' Further confirmation of this form of isochronal annealing

has been obtained by Oka by following the Hall coefficient at the triple

point of water.

Isochronal anneal in the temperature ranges above 390 K re

sulted in the recovery of the total state concentration along with the

deep state concentration. The recovery is 60 per cent complete after

annealing at 1±5 0°K. This agrees with the data of Ishino, et al., on

antimony-doped germanium for the anneal of the total state concen-

trations.

3. Isothermal annealing. It is clear from Figure 9 that the

annealing behavior was of two types, one type predominated for low anneal-

2
J. W. Cleland, J. H. Crawford, Jr., and D. K. Holmes, Phys. Rev.

102, 722 (1956).

3
J. H. Crawford, Jr. and J. ¥. Cleland, J. Appl. Phys. 30, 1201;

(1959). ~

M. Oka, Shimane University, Japan, (unpublished data).
t

-'S. Ishino, F. Nakazawa, and R. R. Hasiguti, "Annealing of Gamma
Ray Irradiated n-Iype Germanium," (to be published).
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ing temperatures in the range of 1;00°K and below. The other predominated

for high temperatures at 1;25 K and above. The data in Figure 8 shows

that the general characteristics of the annealing curve for the total

state concentration differed in these two temperature ranges.

There was an early plateau in the low temperature anneals followed

by a general anneal and ending in a saturation plateau. The saturation

plateau was temperature dependent. The value of the plateau was lower

for higher annealing temperatures. Once the plateau was established,

however, it was stable for anneals at higher temperature. A sample

annealed to the saturation plateau at 355°K would show no change upon

subsequent anneal at k66 K.

The behavior shown in Figure 11 was typical in the low tempera

ture range. The value of the saturation plateau for the shallow level

concentration was about 0.2. The saturation plateaux for the deep

state concentration and the total state concentration were successively

lower for higher temperatures, but the difference in the plateaux were

consistent. The plateau for the deep level was higher than that of the

total state concentration by about 18 per cent of the initial concentra

tion.

The temperature dependence of the saturation plateaux in the higher

temperature region were considerably less temperature dependent than in

the low temperature range. This is illustrated in Figures 8 and 10.

The behavior shown in Figure 2 0 was typical for samples in the

high temperature range. The value of the saturation plateaux for the

shallow levels were again 0.2. The saturation plateaux for the deep
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state concentrations were again higher than for the total concentration,

but the difference in the value is now of the order of 5 per cent of the

initial concentration. With the exception of this consistent difference,

the curves for the shallow state, deep state, and total state concentra

tions were consistently of the order of 7 per cent in the high temperature

range. Figure 26 shows that the value of 7 per cent for the difference

can be explained by the presence of the 0.09 ev level which is stable

during the anneal.

A two stage process was observed in the annealing of the re

ciprocal mobility in the low temperature range. The plateau shown in

Figure 21; occurred at a value of f(i) of about 0.5. The final plateau

of f (_) was about 0.1. Comparison of Figure 21; and Figure 8 indicates
[^

that half the change in (i) was removed by the anneal that removed only

about 12 per cent of the total induced state concentration. At the

final plateau, 90 per cent of the induced change in - had been removed

but only 50 per cent of the change in total state concentration was

removed.

The corresponding plateaux in the high temperature range were

0.05 for f(_) and 0.25 for f(n). There was a 96 per cent removal of

the induced mobility change and a 75 per cent removal of the total state

concentration.

The activation energies for the anneal as shown in Figure 9 were

O.8U4 ev in the high temperature range and 1.178 ev in the low tempera

ture range. The compilation of data in Figure 21 shows that the activa

tion energies would have been the same had they been computed from the
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deep state concentration or shallow state concentration instead of total

state concentration. The data in Figures 9 and 22 represented observa

tions of the second stage or principal anneal. Such a superposition

could clearly not have occurred in the region where the removal of

shallow states increased the concentration of deep states.

k- Radiation induced states. The irradiation introduced two

observable states. This is shown in the plot of change of total state

concentration in Figure 25. The shallow state is shown in Figure 26 to

have been introduced at about 0.2 ev below the conduction band. Any

other levels which may have been introduced were in such a position as

to be inactive in producing changes in the carrier concentration.

B. Interpretation of the Data

1. The two induced states. Any interpretation of the annealing

data must depend upon the identity of the observed states which were

introduced by the irradiation. James and Lark-Horovitz developed a

model in 1951 to explain the irradiation induced changes observed in

6
germanium. This model considers a uniform distribution of isolated in

terstitials and vacancies. The interstitial can be ionized to con

tribute two electrons, the vacancy can be ionized to accept two electrons

The first interstitial ionization level was located 0.2 ev below the

conduction band, the second interstitial level was located 0.18 ev above

°H. James and K. Lark-Horovitz, Z. Physik. Chem. 198, 107 (1951),



the valence band. The levels associated with the vacancy were located

0.07 ev and about 0.01 ev above the valence band. The James-Lark-

Horovitz model readily explains the irradiation results such as shown

in Figures 25 and 26. For each interstitial-vacancy pair produced by

the irradiation, two electron acceptor states and two electron donor

states will be produced. When the Fermi level is above the 0.2 ev level,

the two vacancy acceptor states will be ionized and two electrons will

be removed from the conduction band. When the temperature is increased

the Fermi level moves toward the middle of the forbidden gap. When the

Fermi level falls below the 0.2 ev level of the interstitial, the inter

stitial is ionized and contributes one electron to the conduction band.

Consequently the interstitial-vacancy pair removes two electrons when

the Fermi level is above the 0.2 ev level and one electron when the

Fermi level falls below the 0.2 ev level.

The James-Lark-Horovitz model, however, is inconsistent with the

observed changes in mobility. The coulomb scattering should increase

when the Fermi level falls below the 0.2 ev level due to the introduc

tion of additional charged scattering centers. The data shown in Figure

23 indicated that a slight decrease in the scattering occurred in the

region of 200°K for measurements made just after irradiation.

In the James-Lark-Horovitz model, if only interstitials are

present, they can act only as electron donors. If only vacancies are

present, they can act only as electron acceptors. Another model has
7

been proposed by Blount. The levels at 0.2 ev below the conduction band

7E. I. Blount, Phys. Rev. 113, 996 (1959). J. Appl. Phys. 30
1218 (1959). —
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and 0.07 ev above the valence band were assigned to the interstitial.

The levels at 0.18 ev and 0.01 ev above the valence band were assigned

to the vacancy. The assumption is made that any level in this model can

be either an electron donor or acceptor. This restriction of the James-

Lark-Horovitz model does not apply in the Blount model. As a consequence

of the removal of the restriction of the behavior of the introduced levels,

it is possible to consider some alternate possibilities not allowed by

the James-Lark-Horovitz model.

One possibility is to assume that the vacancy and interstitial

each act as an electron acceptor. Such an assumption could explain the

irradiation data shown in Figures 25 and 26. Since the interstitial and

vacancy would be expected to have different mobilities in the crystal,

one would expect to find a two stage annealing behavior.

The radiation induced change in scattering center concentration

should decrease when the Fermi level crosses the 0.2 ev level due to the

removal of half the radiation produced scattering centers. The predicted

change is in the direction of that observed, however, the change is ex

tremely small.

A second possibility is to assume that the vacancy is a double

acceptor and that the interstitial is electrically neutral. This assump

tion would imply that the 0.2 ev level is associated with the vacancy.

A model of this type would satisfy the irradiation data and explain the

absence of any direct evidence of the interstitial. The change in

mobility would again be in the observed direction. The radiation in

duced change in reciprocal mobility measured at 273°K would be the same
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in either model. An assumption of the interpretation of the carrier

concentration is required to calculate the mobility. The calculated

values using either model are only a factor of two different. This is

a factor of two however in a small number which is obtained by subtract

ing two large measured numbers. The precision of the measurement does

not permit a choice of model on the basis of mobility.

2. Requirements of a model. There are several critical charac

teristics which must be explained by any proposed model of the annealing

mechanism. First it must include an explanation of the early anneal

which results in a small change in the total state concentration and

deep state concentration but a major change in the induced scattering.

The second important aspect is the temperature dependent plateau which

once established is stable for further annealing in the temperature

range studied. Such a plateau cannot be obtained from simple inter

stitial or vacancy annihilation either simultaneously or individually.

Complexes of some sort must be formed with the impurity atom. >' At

least one complex which has a high thermal stability must be formed from

a two step process. The complex must be formed in greater concentration

at low temperature than at high temperature. The third requirement of

any proposed model is that it must explain the two activation energies

observed.

0. L. Curtis, Jr. and J. H. Crawford, Jr., Phys. Rev. 126,
13U2 (1962).

-W. L. Brown, W. M. Augustyniak, and T. R. Waite, J. Appl. Phys.
30, 1258 (1959).
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C. Possible Models

1. Short time anneal. An effective capture volume can be

assigned the trapping centers or annihilation centers. Defects which

were produced within this capture volume will be able to move only to

the capture or annihilation center. The annealing behavior has in this

way been separated by Reiss into two distinct processes. The first is

the capture of defects within the capture volume. The second is the

diffusion of defects through the crystal until they interact with a

capture or annihilation center. There is an early anneal in both the

isochronal and isothermal curves which has the same magnitude for all

samples. Since the impurity concentration and the defect concentration

is essentially the same for all samples, this early anneal can be under

stood in terms of the mechanism proposed by Reiss. If both annihilation

and capture can occur, some defects will be removed from the sample and

others will be trapped.

2. Vacancy diffusion. The observed activation energies of 0.8

ev and 1.2 ev suggest that the annealing mechanism involves vacancy

motion. Using the activation energy for self diffusion of germanium de

termined by Letaw, Slifkin, and Portnoy of 2.98 ev in combination witt

the measured values of the free energy of formation of a vacancy, of

H. Reiss, op. pit.

1LH. Letaw, Jr., W. M. Portnoy, and L. Slifkin, Phys. Rev. 102,
892 (1956).
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12 13Mayburg and Rotondi (2.13 ev), and Logan (2.0 ev), one obtains an

activation energy for vacancy motion of approximately 1 ev. The acti

vation energies obtained from Figure 9 are in the range of 1 ev. The

comparison of the values obtained from Figure 9 with those computed from

the data of vacancy diffusion suggests that the mechanism of annealing

involves vacancy motion. Measurements of annealing of cobalt-60 gamma

ray induced damage in the presence of a large electric field has shown

that the defects introduced by the irradiation were negatively charged.

A negatively charged defect also suggests that the defect is a vacancy.

A value of less than 1.0 ev for the diffusion of radiation in

duced vacancies is not surprising when the value is compared to the

values for vacancy diffusion found by Watkins and Corbett in electron

irradiated silicon. •>> ^ They found an activation energy for vacancy

motion of 0.33 + 0.03 ev. They observed a divacancy which had an acti

vation energy for motion of about 1.3 ev and a binding energy greater

than 1.5 ev. The vacancy produced two energy levels, one above and one

below the middle of the forbidden band. The divacancy exhibited

essentially the same energy levels as the vacancy with the addition of

another level deep in the forbidden band. They were unable to observe

12S. Mayburg and L. Rotondi, Phys. Rev. 91, 1015 (1953).

13R. A. Logan, Phys. Rev. 101, ll;55 (1956),

I6r

^P. Baruch, J. Appl. Phys. 32, 653 (1961).

G. D. Watkins and J. W. Corbett, Discussions of the Faraday
Society 31, 86 (1961).

16Hj. D. Watkins, International Conference on Crystal Lattice
Defects, September 1962. Kyoto, Japan.
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the presence of an interstitial.

The level at 0.2 ev below the conduction band has generally

been attributed to the interstitial. The work of Baruch shows the

17
defect to have a negative charge. Additional evidence suggesting that

the 0.2 ev level is due to a vacancy has been reported by Logan. He

found one electron acceptor level at about 0.2 ev below the conduction

band in quenched n-type germanium. Quenching is generally thought to

produce vacancies.

These data indicate that the electrically active defect is the

vacancy and that the annealing mechanism involves the impurity atom.

It therefore seems reasonable to consider a mechanism involving an

antimony-vacancy complex. The most stable complex might then be the

ant imony-divac anc y.

D. Antimony-Vacancy and Antimony-Divacancy Model

A possible model involving an antimony-vacancy complex and an

ant imony-di vacancy complex would consist of three parallel processes.

1. A vacancy may diffuse to a lattice site adjacent to an

antimony atom forming an antimony-vacancy complex. The rate constant

for the reaction k-, would be a function of the activation energy for

motion of the vacancy (Em). There is a finite probability of dis-

association of the antimony-vacancy complex. The rate constant kp for

the break up of the complex would be proportional to the sum of the bind-

17P. Baruch, op. pit.

R. A. Logan, Phys. Rev. 101, 11+66 (1956).
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ing energy E^ and the energy of motion. The reaction may be written

k
1

V + Sb Z^l SbV
k,

where V denotes a vacancy, Sb an antimony atom and SbV an antimony-

vacancy complex.

2. Since there is a binding energy for a divacancy, the anti

mony-vacancy complex may capture a second vacancy to form an antimony-

divacancy complex. Although the capture cross section is different

from that of antimony-vacancy formation, the rate constant k, will still

be a function of the energy of motion, Em. The probability for break

up of the antimony-divacancy (SbV2) is a function of the sum of the

energy for motion and the binding energy of the divacancy. One can

infer from the data on silicon that the divacancy binding energy is

quite high. Hence the SbV2 complex can be stable and the rate constant

for breakup assumed to be zero. The reaction for this process becomes

k

3
V + SbV —"- SbV2

3. A vacancy may diffuse to an annihilation site such as a sur

face or a jog in a dislocation line and be removed from the lattice. A

typical dislocation line density for low dislocation line density ger

manium is of the order of 1CT cm . If one assumes a jog in the line at

every tenth lattice site, the concentration of annihilation sites due to

such dislocation lines is given by

- 2 x 10

5.62 x 10"7



75

This is about four orders of magnitude lower than the concentration of

introduced vacancies, however, these sites are not saturable. The

capture of a vacancy results in a displacement of a section of the line

but does not remove the line or change the number of jogs. The capture

cross section will be different from those of processes 1 and 2, but

again the rate constant k, will be a function of the energy for motion

of a vacancy. The reaction for this process becomes

\
V — 0,

where 0 denotes annihilation.

Denoting the concentration of each species by N with a subscript,

the following differential equations may be written

(a) -g£ = - kx % NSb + k2 NSbV - k3 Nv NSbV - kL Ny

(b) ^Sb =_ ki % NSb + k2
dt

dNsbV

2 NSbV

(c) _^ = kx % NSb - k2Nsw - k3Nv NSW
dt

dNsbV2
d

dt

The equation of conservation for the impurity atoms is given by

(e) NSb +Nsw +NSW2 =N°b

Equations a, b, c, d, have not been solved in this form. One can,

however, make some simplifying assumptions based on the system under

study.

The rate of interaction between the vacancies and the ith type

center is given by the product m CT. N. where

= k3 % NSbV
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cfy is the flux of vacancies,

ctj_ is the cross section for the interaction, and

^ is the concentration of the i th type center.

The flux qy is the number of vacancies crossing a unit area per unit

time.

If P is the probability per second that a vacancy will make a

jump to an adjacent site, then the probability for a jump in any di

rection is - P. The number of lattice sites immediately adjacent to a

given area is __. where d is the distance between atoms. The fraction
d^

of these sites which will be occupied by vacancies is given by BL where
N

N is the concentration of lattice sites. The number crossing an

arbitrary area per second in a positive direction Ny is then given by

+ _ 1 P 1 W
^ - 2"3 ^2~N *

The total vacancy flux m is then given by

_ + _ 1 P Ny
^-I%+%=3-j2— •

The concentration of lattice sites N is determined by the lattice dis

tance d. N = -j , where g is a constant of the order of unity.

C^ =i dNy P.
The value of P is given by

- E /kT
P = v e

where v is the lattice vibration frequency,

Em is the activation energy for motion, and
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k is the Boltzman constant.

The vacancy flux then becomes

" Em/kT
d Nr v e

The rate of capture of vacancies at antimony sites is the product

%=1 dNy v e

of the cross section for capture of a vacancy by an antimony atom, CT ,
Sb

the concentration of antimony atoms, and the flux. Hence, the reaction

for vacancy capture by antimony atoms can be written

" E^/kT
, -„T -. d m e
Sb ^ Sb 3

The rate at which the antimony vacancy complex supplies free

vacancies back to the lattice is given by

k2 NSbV '

From the principle of detailed balancing, the following equa

tion can be written:

k2 %bV = kl % %b .

Hence, k>> is given by

%N. n % N„ - Em/kT
k2 = k1 _L S£ = 1 d v CT — — e

NSbV 3 sb NSbV

At equilibrium the concentration ratio is given by

KL NoK N "I
v JU = constant = —

NSbV

Et/W
constant = — e

kl % NSb =a ^ N 1 d v e

The parameter uj is the number of ways the vacancy can escape the complex.

Since there are four adjacent lattice sites, the value of cu is 1;. The

expression for kp then becomes



kp = i_ d. v a N e
^ 12 Sb
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- (Em + E1)/kT

The rate of capture of vacancies at antimony-vacancy sites is

given by

- Em/kT
k3 % NSbV j d % NSbV CTSbV v e
The rate of vacancy capture at dislocation lines is

- Em/kT
\ %=\ %%§V6
The rate constants can be written in terms of vacancy motion

and the respective interaction

- Em/kT
kl =CTSb f ve

- (E + E )/kT

2 12 Sb '

-Em/kT
k3 = asw d v e , and

\ = No % 2
Em/kT

iri'
v e

3

One may consider the magnitude of the reactions involved in the

model using the expressions for the rate constants. In the vacancy-

antimony reaction these expressions are given by

- Em/kT
ki %Nsb =^v Nsb CTsb f ve >^

~ (Em + El)/kT
— Sb SbV

In the vacancy-antimony-divacancy reaction it is given by
Em/kT

'sw CTsbv j " P

k2 NSbV = 4, v crc- N„, TT Ne

k3 % %bv =% NsbV <V~ d v e
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The cross sections are functions of the ranges of the inter

action forces. These forces are the coulomb forces and the forces

resulting from lattice strain.

The coulomb force is attractive in the case of cron , but it would
Sb

be negative or zero in the case of a and CT . The value of NQ, is
b SbV o ^o

of the order of lO1^. The value of N is of the order of 1010. Con

sequently, one can write the inequality:

k-L Ny NSb »\\.

The vacancy concentration is less than half the antimony con

centration. Consequently Ngby can never under any condition be as great

as Ngb. If the charge of the antimony-vacancy were zero, the cross section

for the capture of a second vacancy would be determined by the range of

o

the lattice strain. This range should be of the order of 5 A. The range
o

of the electric field of a charge is of the order of 20 A. If the SbV

is negatively charged, a repulsion would result.

The ratio of the rate of formation of antimony-vacancy complexes

to the rate of formation of antimony-divacancy complexes is given by

kl % NSb . CTsb Nsb .
k3 Ny Nsw o-sw Nsw

The ratio of the cross sections is given by

CTSb _ (20 x 108}2 =16 ^
CTsw 5 x io8

The principle of detailed balancing gives

-E-i/kT
% NSb = const =1 e

NSbV w
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Hence

%b_ _J_ e"^M
NSbV «> %

Nis 1;.1;5 x 1022 cm"-'. Ny is approximately 5 x 10 ^ cm" . For E-^ =
0.5 ev, the ratio of concentrations becomes

NSb =k.k6 x 1022 x IP"6 ^ 2x 1Q2
^& Ux 0.5 x io1^

Hence

1 ^ Sb =16 x 2 x 102 ~ 3 x 103 .
k3 % NSbV

The ratio of the rate of breakup of antimony-vacancy complexes

to the rate of formation of antimony-divacancies is given by

, *T « -Ei/kT
^ NSbV .°Sb Lie= wSb i_ ie

SbVk3 % NSbV crSby % E

If one assumes E-^ to have a value of 0.5 ev or less, the ratio becomes

k? NShV , k-k6 x 1022 l n^ „ 3J ±™ = 16 x —— — x r x i° « 3.2 x lcr .k3 Ny Nsw 5 x 1013 U

Thus the process of formation and breakup of antimony-vacancy

complexes is much more rapid than the other two processes if the assump

tion that E-^ is not greater than 0.5 ev is valid.

It was pointed out by Robinson that the differential equations

might be solvable if the first process was dominant such that one could

19
assume a quasi equilibrium. ' The considerations of the individual

reactions indicate that this is a reasonable assumption. The validit
y

19
M. T. Robinson, private communication.
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of the assumption is also supported by the annealing data.

The isochronal anneal, Figure 7, showed a complex anneal in the

temperature range below 395 K. There was an early anneal in the total

o

state concentration followed by a plateau up to 395 K. The deep state

concentration had a pronounced minimum at about 360 K. This indicates

o

that some new process becomes dominant at about 360 K.

If the assumption is made that the first process comes to a rapid

quasi equilibrium in an isothermal anneal, then one may write

(f) k± Ny NSb ~ k2 Nsw .

This implies that Sb ±s approximately zero and that the free anti-
dt

mony concentration Ngb remains constant once the quasi equilibrium

expressed by (f) is established.

As a consequence of (f) substituted into (b), one can write

%= 4 •
The asterisk is used to designate the concentration at the time the equi

librium is established.

The remainder of the anneal will now be considered with the

establishment of NSb as the beginning of the anneal.

The initial vacancy concentration becomes

% = % - %by

0

where Ny is the vacancy concentration introduced by the irradiation.

Equation (f) may be written as

(f) klNy Nsb = k2 Nsw .
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The principal annealing process will be considered to begin at

the establishment of the equilibrium. At the beginning of the principal

anneal, (t = t ), the expression becomes:

(f.) kx l£ N*b =kj, N*by

Equation (f ') is an equilibrium equation in which K' and Nottt

are the initial values. The concentration of vacancies and the antimony-

vacancy concentration will change as the anneal proceeds.

Substituting (f) into (c) one obtains:

Thus Ngby behaves according to a second order law. Solving

subject to the condition that Ngby = Ngby at t = t , one obtains for

the time dependence of the antimony vacancy complex:

te) NSbV
kl NSb NSbV

NgW k2k3 t + k-L NSb

Comparing equations (c) and (d) subject to the assumption of

equation (f) one can see at once that:

I- NSbV2 =- ^ Ngby .

Assuming that the rate of annihilation is slow, the antimony divacancy

concentration is given by

%bV2 = - %bV + K •

Since at t = tQ,

NSbV2 =MSbV2 '
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then,

K=Nsw2 +NSbV

The expression for NobV then becomes

(NSbv) *2 k" t
(h) Nsw2 = —7, +Nsw? •

NSbV k^t + k]_ NSb

As t approaches infinity, equation (h) has a limiting value of

Ngby + Ngby . Under these conditions eq. (a) has the limiting form:

i^ =- (k3 Nsw +V \
Hence:

V^ =" (k3 NSbV +V dt '
Integrating, one obtains:

In Ny =K' - kht - J k3 Ngby dt .

Substituting for Ngby from eq. (h), the integral term becomes

kl k3 NSb NSbV dt
I

k2 k3 Ngby t + kx Ngb

which becomes on integration:

kli£ NSb ^ (k2 k3 NSby t +kx Ngb) +K" .

K' ' and K' can be combined into a constant In KQ.

Taking the antilog and solving K0 subject to the condition

that

Ny = Nj
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at t = t
o >

one obtains for In Kn,

knIn K0 =In Ny +il Ngb In k± Ngb
-2

Using this value for In K0, the value of Ny becomes:

T^NSbk2
Ny = Ny e

k2 k3 NSbV +
1 + 4 t

kl NSb

From the equilibrium condition

kl $ Ngb = k2 %bV ,

the second term in the brackets reduces to k3 Ny. The value of C" is

less than lO1^. The value of k3 is given by
" Em/kT

k3 =CTSbV f V6

Using Em = 1 ev and a temperature of 350°K, the exponential becomes

10^. Hence the order of magnitude of k^ Ny becomes:

k3 Nj" ~2.5 x 10-1^ x 10"8 x 10^ x 10"% 10^ r 10-9 .
Consequently for times short compared to 109 sec, the bracketed factor

- k3 NSbVt
may be expressed as an exponential. It reduces to e . Hence

Ny becomes:

, , * " <k3 Nsw + ku) t(x) Ny = Nj e

The measured quantity in the experiment is the carrier concentra

tion. The carrier concentration is related to the charge centers

according to

n = 2 I N .
i i i
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where n is the carrier concentration,

N. is the concentration of the i th type charge center, and

I- is the ionization state of the i th type charge center.

Prior to irradiation to the carrier concentration was due to

the antimony concentration. Since I = 1 in this case,

no = NSb '

As a consequence of irradiation, centers which are assumed to be

vacancies are introduced. It can be seen in Figure 2 6 that at least two

ionization states are present, one ionization level occurring at about

0.2 ev below the lower edge of the conduction band. The dependence of

carrier removal on irradation is shown in Figure 25. The carrier con-

o o
centration change is shown for measurements at 77 K and 273 K. Hence,

the measurements of carrier concentration are taken with the Fermi level

in the sample above the 0.2 ev level for the 77°K reading and below the

0.2 ev level for the 273°K reading. The ratio of the introduction rate

as measured at these two temperatures is 2:1. Thus one can assume that

the defect is singly charged at 273°K and doubly charged at 77 K. In

this model, the ionization state of the interstitial, IT, is taken as

zero.

The function plotted is f(n) which is given by:

f(n) no - nt

no - "r

where n0 = Ngb ,

nr = Ngb - Iy % , and

nt = NSb " % % " Jc NSbV - Xd NSbV2 •



Hence:

no "^t =% ^ +Ic NSbV +Xd NSbV2 'and
no - nr = XV % •

The value for f(n) becomes:

1_

Iv Ny' I v ~"v _c ^DV "~a ~'SDV2

Substituting the derived expressions for the concentration, f(n)

becomes:

i f ,;- - (k3 Nsw +ku) t
(j) f(n) = j—jra < Iy % e

+ Ic kl »§b NSbV

NSbV k2 k3 t + kL NSb

KSbV k2 k3 * + kl %b

The value for the plateau is obtained by letting t become large.

It is given by:

The saturation plateau is obtained from the antimony divacancy

terms. The bracketed factor is precisely the value of Nqwr as t

becomes large.

One can infer from the irradiation carrier removal as a function

of temperature, Figure 25, and the change in Hall constant with tempera

ture, Figure 26, that the value of Iy changes from one to two as the

f (n) =tT^ 1 % % +Xc NSbV + Xd NSbV,
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Fermi level moves from below the 0.2 ev level to a position above the

0.2 ev level. Hence:

Iy = 1 for T = 273°K, and

Iv =2 for T = 77°K .

The plateau values are then given by:

f(n) .Id (2?3) (NsW +Ngby2)
{ ;273 ^o

f(n)77 =
77 2 N°

Taking the ratio one obtains:

f(n)273 o Id (273)
f^T,— =2x7T77T '

Analysis of the plateaux for the isothermal anneals indicates

that the ratio of Id(273) to Id(77) is 2/3. This ratio of values for

Id implies that the antimony divacancy has three levels in the for

bidden band. One level is at about 0.2 ev the other two are near or

below the middle of the band. This observation is similar to the re-

20
suits of Watkins and Corbett in the case of silicon. They found

the vacancy to have two levels one above and one below the middle of

the forbidden band. They found the divacancy to have three levels.

Two of the levels were the same as the vacancy, the third was lower in

the forbidden band.

Id (77) (NSbV + NsbV2)

20
Watkins and Corbett, lop. pit.
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Using the relation k± nJ" Ngb = k2 N^, eq. (j) can be expressed

-. s „, , if * " (k3 NSbV +^)t.J') f(n) = —~^IV %e J U
IV % L

+ N.SbV

Ic + Id Nf k3 t

L 1 + Nf k3 t

A parameter t may be defined by:

+Id %bV2

1 - k3 NSbV + K •
T

The Ii are constants at a fixed temperature hence the term

Id Ngby is a constant.

The value of Ic is some number such as one or two and it can be

seen that ^ Ny has a value of about 10-9 . The value of 10-9 was
obtained using a value of 1 ev for the activation energy for vacancy

motion. Consequently the central term is essentially constant.

For times short compared to 109 seconds, the equation can be
approximated by:

- t/T

+Xc NSbV +Xd NSbV2

But,

f(n)
IV N?

[V \

Ny = Ny - N
SbV •

Hence:

W n /-, NShV,f(n) =(1 - -Jp e - t/T Ic M Id

Denoting
tr

SbV

o

+I~^ K +

by \, one can write:

NSbV^

C
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f(n) = (1 - \) e + \ + fx ,

where f-j_ includes the change in f(n) due to the Reiss type anneal as

well as the small term — —-r-2-, and the error due to assuming I_ = L,
Iv Ny c d

The value of 7 is determined from the half point of the annealing

curve.

The saturation plateau is X + f^. The value of X chosen for

curve fitting will change with the choice of f .

A set of curves calculated from this approximate expression for

77 K and two choices of f-^ is shown in Figure 27. The corresponding ex

perimental points are also plotted. Since no attempt was made to in

clude the details of the early anneal, the discrepancy for times before

equilibrium in f-^ is established is to be expected.

The derived expression fits the experimental data satisfactorily.

The equation is approximately first order in form. This equation can be

extended to the 273 K measurement as well as the difference measure

ments. The value of tx for all three conditions of measurement is
2

plotted as a function of reciprocal temperature in Figure 21. The

activation energies that one could measure from Figure 21 would be

essentially the same for all three conditions of measurement.

The saturation plateau is f(n) + f-j_. This is given by:

I, „ -x-

(NSbV + NSbVo) +R >
IV Ny1

where R is the fraction of the anneal produced by the Reiss process.

R is a function of the impurity density and the defect densities.
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These are similar from sample to sample since all samples were cut from

the same ingot and irradiated to about the same change in carrier con

centration. The complex Ngby is produced by a reaction much slower

than that producing Ngby. In addition the Ngby reaction is second

order and involves Ngby. The variation in the saturation plateau is

then a function of the variation in Ngby.

From the equilibrium expression, one can write:

* kl * *%bV =T^ NSb Ny .

Substituting the values of k-, and k the expression becomes:

k V^ -x- *
NSbV = N e NSb % *

Hence X is given by
1

NSb N? kl
\ - k e

N Ny3

The logarithm is given by

El i hN*b Ny
In X = pf + In — .^ NNj

The value of X depends upon the assumption of f-,. However at

low temperatures, the temperature dependence of the saturation plateau

will be dominated by the E-j/kT contribution. A plot of the log of the

plateaux vs IO7T is shown in Figure 10. Analyzing the low temperature

section by the techniques such as are used to separate radioactive

decay times, one finds a value for E of 0.385 ev.

The parameter x is given by the expression:

7 = k3 Ngby + kh .
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Substituting for Ngby one obtains:

i., ^
k3 K NSb W + kk

T

Substituting for the k one obtains:

1 -x- * kdv " (E™ " EI)AT- =%b Nf aSbV 3 — e

d - V*1
+ N o •? v e

o o 3

The first term will dominate in the high temperature range, the

second term will dominate in the low temperature range. Although

Figure 9 is not as amenable to separation for activation energy analysis

as is Figure 10, the difference in slopes in Figure 9 indicates a value

of E]_ of 0.33k ev which compares to 0.385 ev from Figure 10.

The approximations used in the model involved a choice of an

upper limit of 0.5 ev for Ej_. A value of 0.1; ev is below the limit

imposed.

The formation of the antimony vacancy complex converts isolated

charge centers to dipoles. This can account for the observed change in

mobility without a change in the total state concentration.

The increase in deep state concentration after the minimum in

the isochronal anneal can be attributed to two factors. One is the

break up of antimony vacancy complexes as the temperature is increased.

The second is the formation of divacancies which introduces an additional

deep level.
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E. Other Possible Models

The observed activation energy for defect motion seems to rule

out any model which depends upon interstitials alone. The available

information requires a dependence upon impurity concentrations and

hence rules out models which depend upon vacancies, or vacancy-inter

stitial interactions which do not involve the impurity atom. The

formation of the plateau requires one complex which is stable to anneal

ing at the temperatures used here. This rules out all models which do not

have some mechanism to produce a stable complex.

One possible model would be one in which the vacancy and anti

mony interact to form an antimony-vacancy complex. The antimony vacancy

complex would reduce the coulomb-barrier such that an interstitial

could diffuse to the SbV complex. The complex could then be removed

in three ways,

1. The complex could decompose to a free antimony and a free

vacancy.

2. The complex could capture a second vacancy to produce an

antimony divacancy.

3- The complex could capture an interstitial resulting in a

vacancy interstitial annihilation.

The impurity-vacancy-interstitial model is attractive. How

ever, until some method of detecting interstitials is available there

is no way of checking on the model.

F. The 0.09 ev Level

The model does not explain the presence of the 0.09 ev level.
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Since this level does not anneal, it is possible that it is the re

sult of some Reiss type capture of defects on some impurity such as

oxygen or copper which may be present in the sample. The level may also

be due to interstitial clusters which could be formed at low tempera

ture due to the high suspected mobility of the interstitial. There is

no information available to identify this level. It is produced by the

early anneal but does not change on further anneal. Thus it is assumed

that the defect producing the 0.09 ev level is not involved in the

major annealing process.

The 0.09 ev level in germanium is similar to the 0.17 ev level in

silicon which has been identified by Watkins and Corbett as a vacancy
21

trapped by an interstitial oxygen.

21

G. D. Watkins and J. W. Corbett, Phys. Rev. 121, 1001 (1961).



CHAPTER V

SUMMARY

The principal result of this study is to point up the details in

the kinetic processes involved in the annealing of radiation induced

defects. The observations are consistent with the assumption that the

defect introduced which dominates the change in the electron concentra

tion in n-type germanium behaves like a vacancy.

The annealing kinetics are controlled by the vacancy impurity

interaction and thus the type of impurity as well as its concentration.

Although the values of the rate constants are not completely

determined, some information as to their relative size and respective

temperature dependence can be deduced.

The model proposed produces an expression which accounts for the

observed behavior. Some simplifying assumptions applied to the derived

expression result in an equation which is amenable to data fitting.

The model proposed for antimony as the impurity is as follows:

kl
1. V + Sb ZZl SbV

k2

k3
2. V + SbV —*- SbV2

\
3. V -*- 0

The experimental data indicates that the antimony-vacancy inter

action and antimony vacancy decomposition are the dominating processes



and that these reactions are orders of magnitude faster than the anti-

mony-divacancy formation or the vacancy annihilation process. Hence

process (1) comes to rapid equilibrium. This model leads to the

following expression for the fraction of induced defect concentration

remaining after anneal

f (n) =—- ^ Iy Ny" e
- (k3 NSbV + kh) t

„ < hr Nu e
IV Ny3

NSbV
In + Ih ^t kot-c d % ¥

i + Ny k3t

+Id Nsbv2| +fi
where f-^ is the fraction removed by means of the process proposed by Reiss,

The resultant expression can be simplified by approximation to

a form that is readily compared with the experimental data. The com

parison shows good agreement within the limits of the approximations

imposed.

Although the activation energy indicated by the annealing may be

correlated with the activation energy for vacancy motion, the annealing

is not a simple process and hence the usual graphical techniques for

activation energy analysis do not give a unique value. The values of

the activation energy may be determined by such techniques, to a good

approximation, if one makes the proper choice for the impurity con

centration and the temperature of anneal. The activation energy for

motion of the vacancy is found to be 0.8 ev. The binding energy of the
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antimony complex is 0.1; ev.

The data reported here has led to an analysis which has uncovered

a few facts that explain the observations of the general behavior of

annealing in germanium. New questions, however, have been raised. The

dependence of the nature of the induced defect on the temperature of the

sample during irradiation, is perhaps the next area to be studied. A

series of annealing experiments should be conducted using a wide range

of impurity concentrations as well as concentration of radiation in

duced defects.

Another experiment which is suggested by these results is the

study of the annealing of the saturation plateau. This would involve

irradiating a series of samples under the same conditions used in this

study. A postirradiation Hall-effect curve would then be measured as a

function of temperature. The samples would then be annealed at 380°K

to produce the saturation plateau condition. The plateau would then be

annealed using the techniques of isochronal and isothermal annealing.

This experiment would yield the binding energy of the antimony divacancy

c omplex.

The true nature of the apparent annealing between liquid nitrogen

temperature and 273°K needs further study. The Large change exhibited

by the reciprocal mobility upon warming the sample to ice temperature

suggests that the mechanism may involve more than simply the emptying of

traps. Isochronal and isothermal anneals in this temperature range could

be conducted in the dark. The sample could then be illuminated and then

re-measured. The illumination would fill the traps and the heating would



produce no change if true annealing had not occurred.

The question of the presence of interstitial might be resolved

from a study of the dependence of the dielectric constant on crystal

orientation. The antimony-vacancy complex dipole as well as a di

vacancy must be orientated along the direction of the crystal bond. An

interstitial pair will be orientated in the direction of the lattice

voids. The change in the dielectric constant as a function of irradiation

and anneal of samples cut along different crystallographic planes might

indicate the presence of interstitial pairs.
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