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ABSTRACT

An investigation has been made of the carrier-recombination

behavior and annealing properties of radiation-induced recombination

centers in germanium. In order to analyze the recombination behavior,

it has been necessary to treat the problem of recombination in the

presence of trapping. A model which explains the experimental results

in both n- and p-type material for various sorts of irradiation is

presented. On the basis of this model, recombination occurs at an

energy level O.36 ev above the valence band in gamma-irradiated, n-type

germanium. The position of this level is shifted slightly downward

for neutron-irradiated material. Trapping levels occur in arsenic-

doped germanium 0.17 ev above the valence band which are not present

in antimony-doped material. An energy level apparently present in

unirradiated material acts as a trapping center in p-type germanium.

It is difficult to obtain a value for capture cross sections, but under

certain assumptions a value for the electron-capture cross section in

-19 2
n-type material is obtained; 7 x 10 cm . The annealing behavior

of antimony-doped germanium is grossly different from that of arsenic-

doped material. Although, the annealing behavior is rather complicated,

the results are consistent with the following model. Irradiatjon pro

duces three major types of defects: interstitials, vacancies, and

vacancy-interstitial pairs. The vacancy-interstitial pair evidently

is responsible for a trapping level located 0.25 ev above the valence

band. Both the interstitial and vacancy act as acceptors. The recom

bination level at O.36 ev belongs to the vacancy. The interstitial
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becomes mobile above room temperature and either anneals or forms a

complex with an impurity atom. It is thought that the trapping level

located 0.17 ev above the valence band might be due to an arsenic-

interstitial pair. The activation energy of motion for the inter

stitial is about 0.8 ev. At a somewhat higher temperature the vacancy

becomes mobile with an activation energy of motion of approximately

1.1 ev. In antimony-doped material the vacancy disappears by associa

tion with an antimony atom. This process does not occur in arsenic-

doped material, and higher temperatures are required to produce

annealing.



CHAPTER I

INTRODUCTION

The study of radiation-induced defects has been of great assist

ance in obtaining an understanding of the structure of solids. Because

of the high sensitivity of their electrical characteristics to struc

tural imperfections, semiconductors have proven especially useful in

such studies. Annealing experiments have played an important role

in our present understanding of radiation damage. It is hoped through

the studies herein reported to resolve some of the questions which,

remain concerning radiation-induced defects, especially as they act

as centers for the recombination of excess carriers in germanium.

Defect solid-state studies comprise one of the most active

fields in solid state physics. The reason for this great interest

is the fact that many of the more important physical properties of

solids are strongly influenced by various types of defects. Defects

may occur during the formation of a crystalline solid, or they may be

introduced subsequently. Defects may be introduced mechanically (e.g.,

by plastic deformation), by thermal treatment (e.g., by quenching), or

by irradiation with energetic particles. The production of defects by

irradiation has several advantages. First, the relative amount of

damage can be easily controlled. Various types of irradiation can

See, for instance, J. H. Crawford, Jr., and J. W. Cleland, in
Progress in Semiconductors, Vol. 2 (John Wiley and Sons, New York,
1957), PP. 69-107.
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be chosen to give different sorts of damage. Using the proper type

of irradiation, damage can be introduced quite homogeneously, which

is difficult, if not impossible, using other methods. Of course,

radiation-damage studies have considerable practical importance since

materials are required to fulfill many functions in the presence of

radiation fields.

There are a number of electrical properties of semiconductors

which have been used in radiation-effect studies. Probably the most

extensive studies have been made using conductivity and Hall-effect

measurements which yield the concentration and mobility of carriers

in the crystal. Hall-effect measurements give the number of free

carriers which, in turn, provides information concerning the number

of acceptors or donors introduced into the lattice, (in n-type mate

rial a defect is a donor when it provides an energy level in the for

bidden gap of the semiconductor from which an electron associated with

the defect may be thermally excited, providing an additional carrier.

It is an acceptor, on the other hand, when it introduces an empty level

into the forbidden gap and an electron may be removed by occupying this

level.) Knowing the carrier concentration, one may obtain the carrier

mobility from the conductivity, thus providing information about the

scattering properties of the introduced defects, which, in turn, yields

values for the charge state.

Another electrical property of semiconductors is becoming very

important in defect studies. That property is minority-carrier life

time, the time constant associated with, the recombination of excited



hole-electron pairs. Reviews of work in the field of radiation effects

using measurements of carrier lifetime in silicon and germanium have

2 3
recently appeared. ' One might suppose that after an electron has

been excited from the valence band across the forbidden gap into the

conduction band, providing a hole-electron pair, it would quickly

return because the process is so favorable energetically. However,

this direct recombination is highly forbidden because of the require

ment of momentum conservation. The value of the momentum associated

with, the photon produced by such, a transition will not be equal to

that possessed by an arbitrary hole-electron pair. The direct recom

bination process is so highly forbidden that it cannot be observed in

germanium. (The lifetime associated with, direct recombination is about

14 -3 v
0.1 second for material having a carrier concentration of 10 cm .)

Rather, recombination occurs via recombination levels lying in the

forbidden gap. This work is devoted primarily to a study of these

recombination levels.

Lifetime measurements have a great advantage over other elec

trical measurements because of their sensitivity to radiation-produced

defects; very low concentrations of defects playing the role of recom

bination centers can be detected. The reason that lifetime measurements

are more sensitive than those depending upon carrier concentration is

that, in a we11-prepared, unirradiated crystal, the number of recombina

tion centers present is very small compared with the carrier concentration.

2G- K. Wertheim, J. Appl. Phys. 30, ll66 (1959)-

^0. L. Curtis, Jr., J. Appl. Phys. 30, 1174 (1959)
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This high sensitivity proves especially useful when one uses gamma rays

as a source of radiation damage. Using the most powerful Co sources

available, the time required to produce sizeable carrier-concentration

changes in, say, one ohm-cm germanium is prohibitively long, while

order-of-magnitude changes in lifetime are accomplished in only a few

hours. Thus, lifetime measurements are useful over a greater range

of carrier concentration (and, consequently, impurity concentration).

Perhaps of equal importance in the choice of lifetime measurements is

the possible simplification of the analysis of annealing kinetics for

such low concentrations since processes higher than first order are

less likely to occur.

In the analysis of lifetime measurements in terms of radiation-

induced defects, there are both, advantages and disadvantages as com

pared with, conductivity or carrier-concentration measurements. An

advantage is that, although there may be several types of defects

present, all of which affect the carrier concentration and conductivity,

one of these is likely to dominate in the recombination process and,

therefore, may be singled out for separate examination. The primary

disadvantage is that the relationship between lifetime and number of

defect sites is not as direct as in the case of carrier concentration.

One naturally expects a difference in the nature of radiation

damage, depending upon the nature and energy of the bombarding particle.

This difference has demonstrated itself quite strikingly in the case of

minority-carrier-lifetime measurements in germanium, where the recombina

tion behavior is dependent upon whether the bombarding particles are
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6o 3—6
Co gamma rays, fission neutrons, or 14-Mev neutrons. A brief

study has been made to ascertain the nature of the dependence of

annealing behavior on bombarding particles and it was shown that,

7
indeed, there is a strong dependence. However, it is not the purpose

of this work to study in any detail these differences. Rather, the

case in which the simplest type of damage is expected, irradiation

by Co gamma rays, has been singled out in hopes that there might

be a better chance of understanding the observations.

Irradiation by Co gamma rays has the advantage over charged-

particle irradiation in that gamma rays are not appreciably attenuated

in the sample and, thus, produce damage homogeneously. Gamma-ray

irradiation may properly be called "internal-electron bombardment."

The energetic photons produce Compton and photoelectric electrons

in the crystal, which, subsequently produce atomic displacement through

collision with the crystal atoms. Irradiation by gamma rays also has

an advantage over neutron irradiation in that essentially all of the

damage consists of single displacements because the energy transferred

to a recoiling atom by a Compton electron is small (near the displace

ment threshold). However, there may be a complication due to the higher

k
0. L. Curtis, Jr., J. W. Cleland, J. H. Crawford, Jr., and

J. C. Pigg, J. Appl. Phys. 28, ll6l (1957)-

5
0. L. Curtis, Jr., J. W. Cleland, and J. H. Crawford, Jr.,

J. Appl. Phys. 29, 1722 (1958).

(I960)

Soc. (II) 5, 196 (I960).

0. L. Curtis, Jr., and J. W. Cleland, J. Appl. Phys. 31, 423

0. L. Curtis, Jr., and J. H. Crawford, Jr., Bull. Am. Phys.
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degree of correlation in distance of separation between vacancy-

interstitial pairs so produced. Although this study includes some

measurements on p-type germanium, the primary emphasis is on n-type

material. The principal reason for this choice is that the recombina

tion process in p-type germanium appears to be more complicated and

5
less subject to analysis.

The investigation of the annealing behavior of a defect is

useful in ascertaining the nature of the defect and of the crystal

in which it is produced and annihilated. The effect of crystal proper

ties and defect concentration (order of the process) on the annealing,

the structure of annealing curves, and the activation energies obtained

all give clues concerning the defect structure. In this study of

defects in solids use has been made of these tools already mentioned:

irradiation by energetic gamma rays to produce simple defects, homo

geneously distributed in the crystal; measurement of minority-carrier

lifetime, which, is the most sensitive method available for observation

of these defects; and annealing studies to provide information about

these defects. Minority-carrier-lifetime measurements were not used

simply as a means of following the annealing behavior. Rather, from

the recombination process itself information was obtained about the

defects in their role of recombination centers. Although in this study

lifetime measurement have been used as an indication of degree of crys

talline perfection, an attempt has been made to correlate these results

with, those of others using different types of measurements.
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A number of studies of radiation damage, including annealing

behavior, have been made. One such study is especially significant

to this work and will be referred to often in the discussion. This

is the work of Brown, Augustyniak, and Waite (Bell Telephone Labora-
o

tories) made upon electron-irradiated germanium. These authors shall

be referred to hereafter as BAW. BAW found that the chemical nature

15 -3
of the doping agent present in quantities of approximately 10 cm

had gross effects upon the annealing behavior. These results indicate

9 10
that previous analyses ' made on the basis of annihilation of inter-

stitials with, their parent vacancies are invalid. In contrast to the

present work, BAW primarily used conductivity as an indication of the

amount of damage present. They used electrons with energies of the

order of a million electron volts, which would be expected to produce

damage similar to that produced by gamma rays since, as noted above,

in gamma irradiation the actual damage is caused by the Compton and

photoelectric electrons. However, their defect concentrations were

much larger than those required for annealing studies based on recom

bination behavior. A brief study of the near-room-temperature anneal

ing of 15 ohm-cm, n-type germanium irradiated with Co gamma rays also

W. L. Brown, W. M. Augustyniak, and T. R. Waite, J. Appl. Phys.

30, 1258 (1959).

9
yW. L- Brown, R. C. Fletcher, and K. A. Wright, Phys. Rev. 92,

591 (1953)-

10
T. R. Waite, Phys. Rev. 107, 463, 471 (1957)



-8-

has been made. However, the results were analyzed on the basis of

direct recombination of vacancy-interstitial pairs, which BAW have

shown cannot occur. Annealing studies, also very brief, have been

12
made on high-resistivity germanium irradiated with 14-Mev neutrons.

This work is concerned with, the annealing of defects that are

stable at room temperature. Since BAW found annealing effects at room

temperature, it is known that some rearrangement of the defects may

have already occurred. As is obvious, there is a wide variety of ways

in which a study of radiation-damage annealing can be approached. This

work does not provide a complete solution to the problems involved.

However, it is believed that it does provide a significant contribution

to the understanding of radiation-induced defects, especially in their

role as recombination centers.

T. Asada, H. Saito, K. Cmura, T. Oku, and M. Oka, J. Phys.
Soc. Japan 15, 93 (i960).

12
R. F. Konopleva, T. V- Mashovets, and S. M. Ryvkin, Fiz.

Tverdogo Tela, Sbornik {Supplement} II, 11 (1959)•



CHAPTER II

EXPERIMENTAL PROCEDURE

The method of lifetime measurement utilized the exponential

decay of excess carriers following injection by a light pulse. The

time constant of this decay was taken as the minority-carrier lifetime.

A constant current was passed through the sample, and a change in the

voltage drop across the sample was assumed to be proportional to the

number of excess carriers present. The field inside the sample was

kept small to minimize the sweeping out of injected carriers. The

injection level at the time of measurement was low, of the order of

0.1 to 1 per cent of the carrier concentration, in order to minimize

errors due to the dependence of lifetime upon injection level.

In order to minimize surface effects, large samples were used,

at least seven millimeters in the smallest dimension. The surfaces

i *were prepared by etching with. CP-4 etch, and washing with, distilled

water or distilled water plus ethyl alcohol. Each time the samples

were irradiated or heat treated they were re-etched and dried in a

vacuum overnight before performing lifetime measurements. Ohmic con

tacts were produced by using a lead-tin solder containing 2 per cent

antimony. The melting point of this solder was approximately 180 C;

therefore, when higher temperature heat treatments were used, the

CP-4 etch consists of the following: twenty parts concentrated
nitric acid, twelve parts 50 per cent hydrofluoric acid, twelve parts
glacial acetic acid, and one-half part bromine.
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solder was removed and replaced, following the heat treatment, by a

high indium-content solder with, a melting point of approximately 110 C

Figure l(a) indicates schematically the experimental arrangement

used in obtaining lifetime measurements. The temperature was con

trolled by circulating dry helium through the sample chamber. Light

pulses were admitted through, a window in the front of the chamber.

A regulated power supply in series with, a high resistance resistor

provided a constant current through, the sample. The signal was fed

(through a pre-amplifier, if necessary) to a Tektronix Type 545 oscil

loscope. The non-reproducibility of light-pulse intensity required

the observation of single pulses. This was the purpose of the Hughes

memoscope, an instrument capable of retaining an oscilloscope trace

indefinitely. This particular instrument had no sweep circuit but

was driven from the Tektronix oscilloscope.

The light source used in these measurements utilized a xenon

flash tube. ^ Figure l(b) is a schematic diagram of the light source.

The capacitor was charged to about five kilovolts. The setting of the

Variac controlled the repetition rate of the discharge while a resis

tance in series with the capacitor limited the peak current through

the rectifier tube. The duration of discharge was about one-half micro

second, with, a peak current of the order of one thousand amperes. The

intensity available from such a source is very high and is the only

source found capable of use with a germanium filter in front of the

"^J. N. Aldington and A. J. Meadocroft, J. Inst. Elec. Engrs.
(London) 95, 671 (1948]).
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sample.* Figure l(c) illustrates a typical geometry for the flash,

tube. A one-inch-diameter Pyrex tube was filled with xenon to a pres

sure of about one-half atmosphere. The primary difficulty associated

with, such a light source was the non-reproducibility of light intensity

already mentioned.

Although the decay of the light flash had an initial time con

stant, as observed with, a vacuum photodiode, of less than one micro

second, there was associated with, it a considerably slower infrared

afterglow capable of exciting carriers in germanium. This afterglow

could be largely eliminated by using an infrared filter, such as

Corning Type 1-56, in front of the sample. In order to remove the

less penetrating short wave-length, light, a thin germanium filter

was also inserted, (in these experiments the germanium filter was

omitted for specimens having resistivities less than three ohm-cm

because of the difficulty in obtaining sufficient light intensity. )

The arrangement used is shown in Fig. l(d), which also indicates the

manner in which the signal was obtained from the specimen. The resistor

shown had a value very large compared with the sample resistance.

It is desirable to use such, a filter in order to eliminate
the less penetrating portion of the light (that having photon energies
greater than the fundamental absorption edge). This prevents very
large gradients in the photo-production of electron-hole pairs near
the surface of the specimen with possible complications in recombina
tion behavior.

'in this case large gradients in the concentration of excited
carriers were avoided by waiting for the total number of excited car
riers to decay to a small fraction of the initial value.
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Figure 2 is a schematic diagram of the temperature controller.

This apparatus was patterned after a similar design used at Oak Ridge

14
National Laboratory by D. 0. Thompson. By means of a compressor, dry

helium was continuously circulated through, the sample chamber. The tem

perature was controlled by mixing hot and cold helium which had passed

through a heater or cooling dewar, respectively. A Leeds and Northrup

Speedomax, Type H recorder with a DAT controller, determined the ratio

of hot to cold flow by operating solenoids in the hot and cold lines

and at the same time recorded the temperature of a copper-constantan

thermocouple soldered to the end of the sample. In order to obtain

more accurate temperature values than were available from the recorder,

a second thermocouple was also attached to the end of the sample and

the temperature read with a Rubicon precision potentiometer. Either

liquid nitrogen or a mixture of dry ice and alcohol was used in the

cooling dewar, depending upon the lowest temperature desired. (Actu

ally, dry ice and alcohol was sufficient for all measurements herein

reported.) Other details of the apparatus are shown in the figure.

Most of the annealing was carried out in a silicone-oil bath.

A mercury-to-wire temperature controller was capable of maintaining

the temperature to + 0.1 C. The temperatures were read with a copper-

constantan thermocouple or a mercury thermometer. The estimated accu

racy of annealing temperatures was + 0.5 C. The time required for the

specimens to attain temperature equilibrium after being placed in the

14
D. 0. Thompson, private communication.
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oil was observed on a recorder. From this the estimated accuracy of

time of anneal was + one minute. The silicone oil used in the oil bath

was nominally stable to about 250 C. Therefore, for higher temperatures

it was necessary to use a salt bath. The accuracy of temperature

measurements using the salt bath was estimated to be about + 1°C. It

was necessary to seal the specimens in an evacuated Pyrex tube, thus

lessening the thermal contact with the bath. However, the error in

annealing time was estimated to be only about + three minutes in this

case. For the first series of measurements, which were exploratory in

nature, to determine the nature of the annealing behavior for different

types of radiation and sample characteristics, the anneals were carried

out in a vacuum oven. In this case the temperature control was rather

poor, and the error in the temperature of anneal may have been of the

order of + 5 C These were all four-hour anneals, with an estimated

inaccuracy in the time determination, due to the slow response of the

oven, of + one-half hour.

6o
The gamma irradiations were carried out in a Co source of

6
approximately 1,500 curies, providing approximately 2 x 10 roentgens

15 2
per hour or approximately 3 x 10 gammas per cm per hour at the

sample. The temperature of irradiation was approximately 35 C The

fission neutrons were obtained from a low-flux facility of the Oak

Ridge Graphite Reactor. The temperature of irradiation was about 28 C.

The use of this salt bath, and the associated control equipment

was kindly furnished by M. S. Wechsler and R. H. Kernohan, of the Solid
State Division, Oak Ridge National Laboratory.
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The 14-Mev neutrons were obtained using the T(d,n)He reaction. The

energetic deuterons necessary for the reaction were provided by a

Cockroft-Walton accelerator. At a distance of 7.5 cm from the target

an irradiation time of from one to two hours was required to produce

11 2
10 neutrons per cm at the sample, with an accuracy in the flux

determination of 5 to 10 per cent. Greater fluxes could be obtained

closer to the tube with resultant decrease in the accuracy of flux

determinations. The neutron flux was determined independently by two

methods: the neutrons were counted directly by a long counter located

some distance from the target, and the alpha particles produced simul

taneously with the neutrons were detected by a second counter.

The material used was obtained from three sources. Antimony-

doped material was obtained commercially from the Eagle Picher Company

and United Mineral and Chemical Corporation. The arsenic- and indium-

doped material, as well as part of the antimony-doped material, was

grown under a special contract by National Carbon Research Laboratories.

ft

M. L. Randolph and D. L. Parrish, of the Biology Division, Oak
Ridge National Laboratory, generously supplied the 14-Mev-neutron irra
diations used in this work.



CHAPTER III

RESULTS

EXPLORATORY MEASUREMENTS

As a preliminary to making a detailed study of annealing behavior,

a survey-type experiments was made in order to provide a general view

60

7
of the behavior to be expected. Three types of irradiating particles

were used: 14-Mev-monoenergetic neutrons, fission neutrons, and Co

gamma rays. In each case three specimens were used: two ohm-cm p-type,

two ohm-cm n-type, and fifteen ohm-cm n-type. Figure 3 summarizes the

results of these measurements. In this figure the fraction of damage

ft

remaining, as determined from the room-temperature-lifetime values,

is plotted as a function of the annealing temperature. Three tempera

tures were used: 104, 143, and 201 C. The type and resistivity of

the material are indicated by the symbols used for the points; the type

of irradiation by solid, dashed, and dotted lines. The n-type samples

were antimony doped; the p-type samples were indium doped.

Several conclusions can be drawn immediately from this plot. The

annealing behavior depends markedly both on the type of irradiation and

the properties of the material. Two ohm-cm n-type material annealed

more readily than fifteen ohm-cm n-type material regardless of the

The fraction of damage remaining in the crystal was taken to be

f = (l/x - 1/t )(i/t. - l/r ) , where t is the pre-irradiation life

time, t. is the post-irradiation lifetime, and % is the lifetime follow

ing anneal.
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irradiation used. (The fifteen ohm-cm value is nominal. Although

the three specimens were from the same ingot, the values ranged from

eleven to fifteen ohm-cm.) The most striking difference between types

of irradiation was demonstrated by the p-type material. Here, through

out the annealing range, the annealing behavior for material irradiated

by Co gamma rays was much different from the two specimens irradiated

by neutrons.

One must be cautious with a plot such as Fig. 3 since the anneal

ing may produce a change in the recombination process and thus render

a number for the fraction of damage remaining not very meaningful. In

fact, a change in process (i.e., a change in temperature dependence of

lifetime) was indicated in some cases. To determine any such, change,

lifetime measurements were made as a function of temperature at each

of the points indicated on the graph. There was no appreciable change

in process indicated for p-type material nor for 14-Mev-neutron irra

diated, n-type material. However, for some fast-neutron and gamma-

irradiated specimens, there seemed to be a change. Figure 4 shows the

data for the two ohm-cm, n-type specimens irradiated with fast neutrons.
*

The 0.35 ev slope observed immediately following irradiation was reported

3
earlier for this sample. However, it should be noted that for a number

of samples having higher resistivities a slope of about 0.24 ev has been

The following sample designation will be used: the first two
letters denote the source of the material; EP, the Eagle Picher Company;
NC, the National Carbon Research Laboratories; and UM, the United Mineral
and Chemical Corporation. The next two letters are the chemical symbol
for the doping agent, and the number is the resistivity in ohm-cm.
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3
observed. The steeper slope for this lower resistivity specimen

showed up very conclusively after the 104 C anneal since it was now

possible to extend the measurements upward in temperature without

the danger of annealing at the temperature of measurement. This slope

corresponds to that observed in n-type germanium irradiated with 14-Mev

neutrons. Evidently, for this specimen there was no change in process

due to the annealing. In contrast, the two ohm-cm, n-type sample

irradiated wixh Co gamma rays apparently displayed a definite change

in the recombination process. Figure 5 demonstrates quite strikingly

the change in slope induced by the anneal at 104 C. Similar behavior

is exhibited in Figs. 6 and 7 t>ut to a lesser degree. The first is

the data for the higher resistivity, n-type specimen, in which the

extent of early annealing was much less pronounced. The latter is

a plot for a specimen cut from the same ingot as the sample of Fig. 6,

irradiated with fission neutrons.

II. DETAILED MEASUREMENTS FOR GAMMA IRRADIATION

Since the nature of gamma-ray-induced damage is expected to be

simpler than for the case of neutron bombardment and since the recom

bination process is better understood in n- than in p-type material,

emphasis has been placed on n-type germanium irradiated with Co gamma

rays. Isochronal anneals were performed on antimony-doped samples with

six different impurity concentrations, arsenic-doped samples with, three

different impurity concentrations, and one p-type, indium-doped sample.

One-hour anneals for as many as eleven different temperatures, equally
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spaced on the l/T scale, were made. Figure 8 summarizes the results

for antimony-doped material. Here the fraction of damage not annealed

is plotted as a function of the annealing temperature. The following

resistivities are represented in this plot: 15, 6.2, 3.7, 2.3, and

0.44 ohm-cm. Details, such as the amount of irradiation received prior

to annealing, will be given with later figures. The important feature

shown in Fig. 8 is that the annealing behavior depends markedly on the

impurity concentration (as determined from conductivity) throughout the

resistivity range.

The results for arsenic-doped material, shown in Fig. 9, were

entirely different. Three resistivities were used in this case: 20,

5.4, and 2.6 ohm-cm. There was an early, impurity-concentration-

dependent annealing whose extent ranged from about 15 to about 60

per cent in the three samples. At higher temperatures, if the curves

for the two lower resistivities (higher impurity concentration) are

normalized, they very nearly superimpose. The annealing behavior of

NCAs 20 was actually rather similar to that for EPSb 15, which might

be expected since in these higher resistivity samples the impurity con

centration was rather low and might, therefore, play a less important

role in the annealing process.

The results for two antimony-doped specimens were not included

in Fig. 8 in order to avoid confusion. These results, as well as those

for a p-type sample, are shown in Fig. 10. UMSb 1.3(A) and UMSB 1.3(B)

were two samples from the same ingot. In contrast to all the other

antimony-doped samples, they displayed an early reverse anneal and a



2

<

UJ
o
<

<

<
tr

0.08

0.06

0.04

83 96 111 126 142 160 180

TEMPERATURE OF ANNEAL CO

202

UNCLASSIFIED
ORNL-LR-DWG 52964

226 254

Figure 8. Fraction of Damage Remaining following Successive One-Hour Anneals, Antimony-Doped Germanium.

i

ro
OA



Ld

<

<

O

o

<

0.08

0.06

0.04

126 142 160 180 202

TEMPERATURE OF ANNEAL (°C)

226

UNCLASSIFIED
ORNL-LR-DWG 52953

254 280

Figure 9. Fraction of Damage Remaining following Successive One-Hour Anneals, Arsenic-Doped Germanium.

ro
-J



-28-

(26 142 160 <80

TEMPERATURE OF ANNEAL (°C)

UNCLASSIFIED
ORNL-LR-OWG 52963

Figure 10. Fraction of Damage Remaining following Successive Anneals for One Indium-
and Two Antimony-Doped Specimens.



-29-

sizeable amount of damage which remained to rather high temperatures.

Note that the annealing time for UMSb 1.3(B) was four hours at each

temperature, and some of the annealing temperatures were slightly dif

ferent. The major fraction of the annealing occurred at a temperature

which is consistent with the results shown in Fig. 8. Finally, the

results for a single p-type specimen, given in Fig. 10, cannot, of

course, give much information about the annealing behavior in p-type

material. The similarity of its annealing behavior to that of UMSb 1.3(A)

at high temperatures is probably coincidental.

As stated previously, annealing results based on lifetime meas

urements at a fixed temperature may not be very meaningful due to

possible changes in the recombination process. In order to determine

the effect of annealing upon the recombination process, lifetime meas

urements were made as a function of temperature. Figure 11 shows life

time plotted logarithmically as a function of reciprocal temperature

for an antimony-doped, fifteen ohm-cm specimen before and after gamma-

ray exposure and after several annealing treatments. At low tempera

tures an increase in the lifetime is noted in the post-irradiation

curves. This behavior is evidence of trapping, although, the photocon

ductivity decays were quite exponential at these lower temperatures.

15Similar behavior has been observed by others in high-resistivity,

gamma-irradiated germanium. An analysis of this behavior in terms of

S. M. Ryvkin and I. D. Yaroshetskii, Fizika Tverdogo Tela 2,
1966 (i960).
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a trapping process will be given in the discussion. Another important

point is that the slopes of the post-irradiation curves are much steeper

than observed previously for similar material. Sample EPSb 15 came

from a different ingot than the specimens of similar resistivity used

in the preliminary measurements. (See Figs. 6 and 7«)

In evaluating the quantity f, (l/r - l/r )(i/t. - 1/t )" , used

in Figs. 8, 9, and 10, the value of t taken was not generally the room-

temperature value. Rather, the temperature at which the lifetime value

was taken varied among the samples, depending upon the resistivity. One

does not wish, to use the lifetime values at high temperatures since the

samples become intrinsic, complicating the recombination process. On

the other hand, at low temperatures trapping processes may be importanto

Therefore, a moderate value of l/T should be chosen. For EPSb 15, of

-5 o -1Figs. 8 and 11, the value of lifetime was taken at l/T = 3-35 x 10~ K .

From Fig. 11 it is seen that there exists, therefore, a slight ambiguity

in the values chosen for Fig. 8.

Figure 12 demonstrates the recombination behavior for an antimony-

doped, 3«7 ohm-cm specimen following irradiation and thermal treatment.

Note here the very steep slope, with, no indication of trapping in the

range of measurement0 On the basis of simple theory, after subtracting

0.04 ev from the indicated slope (an approximate correction for the tem

perature variation of the density-of-states function), the position of

the recombination level as measured from the valence band should be

obtained. The values of lifetime used to determine the data of Fig. 8

-3 o -1
for NCSb 3.7 were taken at l/T = ).l x 10 K . For all the samples
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represented in Figs. 8, 9, an(i 10, the temperature dependence of life

time was obtained at each, of the annealing temperatures. However, for

each, specimen only a few of the resulting curves are shown to provide

clarity. In Figo 13, for 2-3 ohm-cm, antimony-doped material, the

behavior is very similar to that displayed in Fig. 12. Again, the

post-irradiation slope is quite steep and no trapping is observed-

The values of lifetime used for the data of Fig. 8 were taken at the

same l/T value as in Fig. 12.

With reference to the other antimony-doped specimens, the recom

bination behavior of UMSb 1.3 was anomalous, as was its annealing

behavior. Figure 14- illustrates this facto The slopes here have

lower values than those shown in Figs. 12 and 13* These anneals were

four-hour anneals, as opposed to those given the other specimens,

which were one hour each. The values of lifetime used for Fig. 10

were taken at l/T = 3.1 x 10~5 °K"1.

UMSb 0-44 was difficult to measure because of its low resistivity„

The results are shown in Fig. 15- One may not be justified in drawing

a straight line through any portion of the curves, but some slopes are

-3 o -1
indicated for the sake of comparison. Again, l/T = 3*1 x 10 K was

taken as the point on the curve from which the values of lifetime for

the annealing data were taken.

In Figs. 16 through. 18 the results of lifetime measurements are

shown for the three arsenic-doped specimens. Unfortunately, some time

had elapsed between the time of irradiation and the first lifetime meas

urements made on these samples- During this time some room-temperature
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Figure 17. The Recombination Behavior of 5.4 Ohm-cm, Arsenic-Doped Germanium following
Irradiation by Co*0 Gamma Rays and Successive One-Hour Anneals.
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annealing had occurred. When this fact was discovered, the measurements

were repeated up to 111 C or 126 C. The new curves were normalized to

the old curves at 111 C and, so, Figs. l6 through. 18 are a composite of

these two sets of data, the curves for annealing temperatures £i 111 C

being from the second set of data. In these three figures strong trap

ping is observed. In fact, for the high resistivity specimen, NCAs 20,

the trapping seemed to persist into the intrinsic range. Furthermore,

the traps appeared to anneal at a much, higher temperature than did the

recombination centers, (in fact, it appeared that the trap concentra

tion actually increased following anneal at the lowest temperature.)

The problem of interpreting the data of Fig. l6 in terms of

damage was difficult because of the overlapping of the intrinsic and

trapping regions. Values of lifetime used in obtaining the data of

Fig. 9 were taken at l/T =3-0 x 10"3 °K_1 and 3-^5 x lO-5 °K"1. The

fraction of damage remaining agreed reasonably well at these two values

except at high annealing temperatures, where the trapping centers began

to anneal. The points of Fig« 9 ^or NCAs 20 were taken at the lower

value of reciprocal temperature for annealing temperatures of 202 C and

above, while for lower annealing temperatures the values were taken at

the higher value of reciprocal temperature. For NCAs 2.6 and NCAs ^>.k

the values of reciprocal temperature at which, the lifetime values were

-3 o -1 -3 o -1
taken were 3«1 x 10 K and 3«2 x 10 K , respectively. Figure 19

shows the recombination behavior for the p-type specimen NCIn 8.3* This

5
behavior is somewhat similar to that observed earlier. The value of

-3 o -1
l/T at which, the data of Fig. 10 were taken was 3*2 x 10 k" .
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In addition to these results, data were obtained from a number

of isothermal anneals. These data deal with the details of the anneal

ing process and will be presented later with, the discussion of the

annealing behavior»



CHAPTER IV

DISCUSSION

I. THE RECOMBINATION PROCESS

The purpose of this research program was twofold: to investi

gate the annealing behavior of defects produced by Co gamma irradia

tion in germanium and to study the recombination behavior of these

defects. Before an attempt could be made to understand annealing

behavior obtained through the observation of the recombination process,

an understanding of the recombination process itself had to be obtained.

Hole-electron pairs injected into the crystal recombine through, energy

levels lying in the forbidden gap. In the case under discussion these

energy levels were produced by crystalline imperfections caused by

bombardment. Among the quantities which one hopes to determine from

the experimental measurements are the capture probabilities associated

with the recombination centers of interest and the position of the

energy levels responsible for recombination. These facts, combined

with other experimental evidence, should help in determining the funda

mental nature of the recombination centers.

The problem of recombination through, a level in the forbidden

gap was first treated by Hall and Shockley and Read. The trapping

l6R. N. Hall, Phys. Rev. 87, 387 (1952).

17W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).
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i ft
process has been treated by Hornbeck and Haynes. In earlier investi

gations the Hall-Shockley-Read theory has been applied to various cases

of single-level recombination, but here it appears necessary to

treat the case of recombination through, a recombination center in the

19presence of a trapping level. Wertheim has extended the calculations

15
of Hall, Shockley, and Read to this case. Ryvkin and Yaroshetskii

have treated the problem somewhat differently, obtaining solutions in

certain limiting cases. The method of development presented here

closely parallels Wertheim's.

The net capture rate for electrons at a given type of energy

level, U , is equal to the rate with, which electrons from the conduc-
' n

tion band enter these energy levels minus the rate with which electrons

are re-excited. Now the rate with, which the first process occurs is

given by n'N 'c , where n' is the ^instantaneous concentration of elec-

trons in the conduction band, N ' is the instantaneous concentration

of energy levels unoccupied by electrons, and c is the electron capture

probability. The rate with, which, electrons are re-excited is given by

g N~', where g is the generation constant for electrons and N ' is the

instantaneous concentration of electron-occupied levels. Therefore,

U = c n'N°' - g N~'. (l)
n n n

At equilibrium U c 0 so that
n —

i ft
J. A. Hornbeck and J. R. Haynes, Phys. Rev. 97, 3H (1955)•

19G. K. Wertheim, Phys. Rev. 109, 1086 (1958).
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c nN°
gn=-V-, (2)

N

where n, N , and N- are the equilibrium values of n', N ', and N ',

respectively. If the Fermi level lies at the same position as the

energy level, the probability of occupancy of energy levels is then

* o
one-half so that N = N . The equilibrium electron concentration

for such, a condition is called n, . Then

g = c n.. . (3)
&n n 1

If axv is the change in electron concentration due to a non-equilibrium

condition (such as that occurring following a pulse of light) and <s/n

is the corresponding change in the occupancy of energy levels by elec

trons, then n1 =n+ </n, N-' = N~ + </n, and N°' = N° - </n; thus,

U = c(n +Jn)(N° -</n) - c n.. (if + «/n) . (k)
n n n 1

Upon collecting terms,

U = c [e°/u - (n + nn + </n) «/n + nN° - nnNl. (5)
n n u 1 1 -J

ft

Because of the statistical weight associated with, the localized
state, this statement is not exactly correct. The distribution func
tion (probability that the ith state is occupied by an electron) is

f (E. -^/kTV1

where "C is the Fermi level, E. is the energy of the state, and y^ is
the ratio of the statistical weight of the empty state to that of the
filled state. Thus, the probability of occupancy when the Fermi level
is at the recombination level is one-half only if 7 = 1. However,

for electronic states 7. is generally either two or one-half due to

spin degeneracy.
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Substituting Eq. (3) into Eq. (2), it is seen that nN = n N". There

fore,

U = c \jf&n - (n + nn + efn) </n1. (6a)
n n x 1 ' J s '

In exactly the same way the corresponding equation for U , the net
ir

hole capture rate, may be obtained:

up =cp[if ,/p +(p +px +,/p)</nJ. (6b)

The case of interest is that of n-type material (n >?p), with

the Fermi level well above the energy level (n y }> n , P-, ? > p) • Fur

thermore, N ;sr N, the total number of levels; and the excitation is

controlled so that ^n<< n. Under these conditions Eqs. (6a) and

(6b) reduce to

U =c(N°</n -ncfN),
n nx ''

r r r / I (7)Up =CpLW^P +(?! + ^PJJNJ.

ft

In the problem under consideration there are two types of levels. One

level will be referred to as a recombination level and one as a trapping

level. The following expressions may then be written:

The solution of the problem in the case of a single level can
be obtained in exactly the same manner as is used here for the more

l6 17
complicated case, resulting in the standard Hall- Shockley-Read equa
tion, which may be written:

•~(P +Pl) +f(n +nx)
T

Nr(n + p)



(dtj^ = "Upr"V

- u - u , ,
nr nt'

p) /n = u - u ,
t/ r nr pr

-hi-

(8)

®S>N. = U , - U . ,
t nt pt'

where the subscript r denotes the recombination level and the subscript

t the trapping level. The requirement for charge neutrality is

</n + c/N + Jn = dp. (9)

If one level is a hole trap, the electron-capture probability at this

level is very small compared with, the hole-capture probability. Under

the assumption that c is negligibly small, Eq. (8) becomes:
nx

$s° - nr'

$)s> • - U
pr pt'

(4) A - U - I
nr

J ,
pr'

(1V\ - - U ,.
pt

do)

Using Eq. (9) to eliminate <y N from Eq. (10), a system of three,

coupled, non-linear differential equations is obtained. It is useful

to write down the three non-linear equations before substituting for

(?N since the approximations involved in obtaining a linear set of

equations are more easily justified:
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(_£)/n =- c (N°c=/n - n/N ),\dt/ nrK r r"

(^)/p =- V [Nrc/p +(plr +/P)/Nj - cptLNyP +(Plt +/P)/nJ ,

$) J\= ~Cpt tNtcTp ^(Plt -</p)/Nt] • (ID
To c/n.N cannot be dropped, even though it is very small, since d N might

also be very small. Only the second two equations are non-linear.

These may be made linear and the problem solved, providing the follow

ing assumptions are made:

I r f r (12)<=/Nt/p<<; Plt^Nt +\d V-

These assumptions are reasonable since the injection level is quite

low. Equation 12 is satisfied if either ef-p « p or </n « N; so

for low injection levels the approximations given in Eq. (12) are

almost certainly justified. Using these approximations and eliminating

<nN through Eq. (9), the following set of linear differential equa

tions is obtained, where use'is now made of the symbolic operator, D:

De/n = - (c N +c n) c/n + c n dp -ene/N, ,
nr r nr nr nr x

Dt/p =V^r^ " (VWr +CptNt +CPrPlr)c/p +(CprPlr " Wlt^V

DJkt= Oc/n - cptNt/p - c^/^. (l5)

Equation (13) maybe written in the following way:
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(D +ai;L)/n +a12e/p +a dNt =0,

a21cin +(D +a22)cTp +a dNj. =0, (l4)

0+a /p +(D +a )</Nt =0,

where the a. .'s are the negative values of the coefficients appearing

in Eq. (13)- Upon eliminating c^N, and c'V from Eq. (lk), "tne follow

ing expression is obtained:

(D5 + pD2 + qD + r)Jn = 0, (15)

where

p=(ai;]_ +a22 +a^),

q=(a;L1a22 +a^a^ +a^a^ -a^a^ -a^a^), (l6)

r=(aila22a33 "aiia23a32 +ai2a2ia33 +ai3a2ia32)-

The solution is:

-iru, , -im,, -m

A = Ae " + Be 2t + Ce 5\ (17)

where m , m~, m are the negative values of the roots of the charac

teristic equation so that

(D +m )(D +m£)(D +m )= 0, (l8a)

or

D + (m + m + m )D + (mm + mm + m m )D + m m m = 0- (l8b)

Experimentally, only the longest time constant is observed; thus, only

the smallest root of the equation is important. Since exponential

decays are experimentally observed, the time constants should be well
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separated. If m is the smallest root, m <<mvD, hl. Comparing

Eqs. (15) and (l8),

m^ + iiljil + m2m = q; (19)

or, under the assumption mentioned, num, ^ q; but m m m^ = r. There

fore,

*! a* f; (2°)

and the solution to the problem is given approximately by

r -£t<3n = Ae q . (21)

The lifetime is given approximately by q/r. Inserting q and r from

Eq. (l6) and substituting the values for the a..'s, the following

expression is obtained:

1 1 „ n 1(N°Nr + N°Plr + nNr) + (N°Nt + nNt + N°plt + nplt) + (Nrplt + plrPlt + plrNt)
cpt Cpr Cnr

(N°NfPit + N°plrPlt + nNrPlt + N°PlrNt)

(22)

the basis of the assumptions already made, nN >^N N + N p, ,

nN, + np -../'?' N N, + N p, ,, which, gives the final result:
X _LX I* X 37 XX

Plr 1 WtPlr Wt 1 1lr L + U£— + - + + —— - (23)

T=-

On

cnN en c nN p,, cNp,, c .p.. c N
nr r nr nr r^lt pr r^lt pt It pr r

19This result is obtainable directly from Wertheim's solution when

*

suitable assumptions are applied.

"X"

These assumptions (besides the requirements of a low density of
recombination centers and small fractional filling of traps) are:
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Figure 20 illustrates the temperature dependence of the terms

in Eq. (23)• The relative magnitudes of the terms in the figure are

not meant to be significant. For this figure the recombination and

trapping levels were assumed to lie at O.36 ev and 0.17 ev above the

valence band, respectively (A correction in slope due to the 1?' term

in p , which amounts to 0.04 ev in the temperature range considered,

has been applied.), and it was assumed that there was no intrinsic

contribution to the carrier concentration. The results of Eq. (23)

may be applied in a very straightforward manner to the experimental

data. In Fig. 21 an attempt has been made to synthesize representative

temperature dependence of lifetime by adding three terms of Eq. (23)

which, affect the recombination behavior in arsenic-doped material.

Here the effect of the temperature dependence of the intrinsic carrier

concentration has been included by replacing n by n + p where both, n

and p include the intrinsic contribution. This correction can only be

approximate due to the assumption made in obtaining Eq. (23) that n is

very large compared with p. The position of the energy levels assumed

for Fig. 21 was the same as for Fig. 20. The points shown in Fig. 21

are the result of adding the three terms indicated in the figure.

Inspection of Fig. 21 makes the results for arsenic-doped mate

rial quite understandable. For instance, the curve representing an

(l) the recombination levels lie below the Fermi level; (2) the trap
ping levels lie below the recombination levels. In the derivation

presented here, the only restriction on the position of the trapping
levels is that they lie below the Fermi level (not necessarily below
the recombination level).
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Figure 20. The Temperature Dependence of the Terms Involved in the Recombination Equation.
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Figure 21. The Result of Adding Three Terms of the Recombination Equation, Including the
Effect of Intrinsic Carriers.
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1k -3*
arsenic concentration, N,, of 3 x 10 cm corresponds to a sample

resistivity of about five ohm-cm and the shape of this curve is very

similar to the lower four curves of Fig. 18. The data of Figs. 17

and 19 are also well explained on the basis of Fig. 21. At high tem

perature some of the experimental lifetime values are lower than pre

dicted; this fact is undoubtedly due to the approximations made in

accounting for the contribution to recombination of intrinsic carriers.

If p becomes comparable with n, then the recombination equation will

change completely, becoming more complicated than Eq. (23) • For

samples in which trapping centers affect the recombination to such

high temperatures as demonstrated in Fig. 21, it is not possible to

obtain the position of the recombination level with, any accuracy due

to the complexity of the recombination behavior. Fortunately, the

antimony-doped specimens did not display such behavior.

In Fig. 11 a rather steep slope in the trapping portion of the

lower curves for this highest resistivity antimony-doped specimen is

seen. Evidently, the trapping level in this specimen is much higher

than in the case of arsenic-doped material. However, there may be a

contribution to the slope due to the fact that the carrier concentra

tion is decreasing with decreasing temperature in this range. The Hall

curves for n-type material indicate a freezing out of carriers at an

20
energy level 0.20 ev below the conduction band. These levels are

N , the concentration of chemical donors, is equal to the
extrinsic electron concentration, n.

20
J. W. Cleland, J. H. Crawford, Jr., and D. K. Holmes, Phys.

Rev. 102, 722 (1956).
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21 —4 -2
introduced at a rate of rO 5 x 10 /gamma cm so the change in

carrier concentration resulting from the filling of these levels would

be r^jk x 10 in this case, or about one-half of the room-temperature

15
value. The position obtained by Ryvkin and Yaroshetskii for the

trapping level in near-intrinsic germanium was E, - E = 0.24 ev.

Although. Figs. 12 and 13 do not display trapping behavior similar

to that of Fig. 11, the reason that points are not included for lower

temperatures in the case of the curves following anneal at 160 C is

that the photoconductivity decay curves became nonexponential, evi

dently due to the fact that trapping was beginning to occur. Since

Eq. (23) was derived on the basis of a single time constant, it cannot

be applied to these low temperatures. However, the trapping does not

appear to be important in the higher temperature range. Assuming no

dependence of capture probability on temperature, the recombination

center lies /^JO.36 ev above the valence band. Even though arsenic-

doped material displays the presence of trapping levels not present

in antimony-doped material, there is no reason to assume a difference

in the position of the recombination level. Although it cannot be

proved that the same recombination center is effective in arsenic- and

antimony-doped material, the analysis shown in Fig. 21 indicates that

this is a reasonable assumption.

The behavior of UMSb 1.3 and UMSb 0.44 shown in Figs. l4 and 15

is anomalous as compared with the other antimony-doped specimens. It

21J. W. Cleland, unpublished data.
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cannot be stated with, certainty whether this difference is due to the

higher impurity concentration or to a difference due to the method of

manufacture. In the latter case the difference may have been due to

compensating impurities, dislocations, or lack thereof. If the recom

bination level were at the same position as for the other antimony-

doped samples, which seems to be the most reasonable assumption, then

the temperature dependence demonstrated in Fig. 21 does not account

for their behavior. Figure 22 shows the effect of including a dif

ferent temperature-dependent term, N.p, /c nl p . The temperature

dependence here corresponds to a difference in position between the

recombination and trapping levels, and this term becomes important for

a relatively high density of trapping levels. As can be seen, Fig. 22

duplicates fairly well the behavior of Fig. l4. The pre-irradiation

and post-irradiation curves in Fig. l4 are similar. Thus, the observed

behavior would be explained if a large number of trapping levels were

present in the unirradiated specimen. The following expression for

lifetime would then hold:

T =
plr

c nN
nr r

1 + — (sk)

For a high concentration of trapping levels, N. >>p-.., the observed
X _I_X

results would be obtained. There are other combinations of terms with,

which one could approximate the behavior of Figs. l4 and 15. In fact,

at sufficiently high carrier concentrations, the term in the recombina

tion equation, l/c N, must become important; but Eq. (24) demonstrates

the simplest model. The value of E - E chosen for Fig. 22 was 0.07 ev.
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Figure 22. A Different Combination of Terms from the Recombination Equation.
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Briefly, the behavior of UMSb 1.3 and UMSb 0.44 can be explained on

the basis of recombination centers introduced at ^0.36 ev from the

valence band and trapping centers present in the unirradiated crystal

22
at /v^0.29 ev above the valence band. None of the well-studied

deep-level impurities seem to fit these data. Copper and cobalt have

energy levels 0-33 ev and 0.25 ev above the valence band, respectively;

but these levels presumably would not be available for trapping since

higher, occupied levels exist in each case.

It should be noted that the model proposed here is quite dif

ferent from that used to explain recombination behavior in previous

3-5
papers in which the effect of trapping centers was neglected. On

3
the basis of the few studies then available, it was postulated that

recombination occurs through an energy level located /*w0.20 ev below

the conduction band; the hole capture probability limits the recombina-

tion and is temperature dependent. The post-irradiation data of

Figs. 5 and 6 are similar to those used to draw the above conclusion.

The bottom curve of Fig. 5 "was reported earlier and was the only

sample reported with, resistivity lower than ten ohm-cm. The data

of Fig. 6, as well as for other samples of similar resistivity, are

easily explained on the basis of the present model. For these samples

14
N-, £^ 10 and the corresponding curve in Fig. 21 agrees well with the

W. W. Tyler, J. Phys. Chem. Solids 8, 59 (1959)•

* 15Ryvkin and Yaroshetskii also concluded that the recombination
center was at E - E = 0.20 ev even though, they considered trapping.

However, the samples which they used were all near intrinsic at room
temperature.
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data. However, it is surprising that the data of Fig. 6 for r*jeleven

ohm-cm material are so different from the data of Fig. 11. The answer

undoubtedly lies in the fact that these are rather high resistivity

samples, and compensating impurities are very likely present.

The discrepancy between data for the 2.0 ohm-cm sample (antimony-

doped) shown in Fig. 5 and the data of Fig. 13 will now be considered.

For the lowest curves in these two figures, the ranges of measurement

were rather small; the lifetimes were rather low and, thus, difficult

to measure, especially in such, low resistivity samples. Thus, the

discrepancy with, the present results could be experimental. It may

also be that the behavior shown in Fig. 5 was governed by Eq. (24),

but in this case it would be required that a large number of traps

originally in the sample be removed with heat treatment.

The present model also adequately accounts for the results for

3 5 6
reactor and l4-Mev-neutron irradiation. ' ' Figure 23, taken from

Ref. 6, shows the result of irradiating three antimony-doped samples

of different resistivity with l4-Mev neutrons. Evidently, the rate

of introduction of traps relative to the rate of production of recom

bination centers by l4-Mev neutrons is considerably less than in the

case of gamma irradiation. Also, there is some indication that the

position of the recombination center is slightly lower in the forbidden

gap, 0.32 ev above the valence band. Figures 4 and 7 demonstrate

results for n-type germanium irradiated with reactor neutrons. Other

This is the position obtained previously for this case, with
out considering trapping effects.
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Figure 23. The Recombination Behavior of Antimony-Doped Germanium following Irradiation by
14-Mev Neutrons. From Reference 6.
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3-5
data, mostly on r-> 15 ohm-cm material, indicate a slope for the

recombination curves of ^ 0.24 ev. The data were, quite logically,

interpreted on the basis of recombination at a level known to be

present in neutron-irradiated germanium <~ 0.20 ev below the conduction

band. On the basis of present data, however, the explanation is that

reactor-neutron irradiation represents an intermediate condition in

which, the traps are more important than in the case of l4-Mev-neutron

irradiation but less important than for gamma-ray irradiation. The

position of the recombination level in this case is estimated to be

/\J0.33 ev above the valence band.

Comparing the experimental data with Eq. (23), certain conclu

sions may be drawn concerning the relative magnitude of the terms in

the recombination equation. Specifically, p., /c nN ? > l/c N in
J' lr' nr r ' pr r

the higher temperature range. Therefore, p /c ny ~?l/c ; but n jy

p.. . Therefore, c ->>c . A lower limit to the ratio c /c may
lr ' pr ' ' nr pr' nr J

be determined from Fig. 13. If the leveling out of the lifetime curves

is due to the term l/c N becoming dominant, then pn /c nN ^-> l/c N
pr r ' lr' nr r -~ ' pr r

at l/T Od. 3-6 x 10 K . Since there may be a contribution due to

trapping effects, only a maximum value of the term l/c N may be deter

mined. Thus, c /c <C n/p., , where n, the concentration of electrons
pr' nr ' lr' '

15 -3
in EPSb 2.3, is approximately 10 cm and p at the stated tempera-

IP —^ *>
ture is 1.3 x 10 cm" , or c /c ,0 800. The value for capture

3 pr' nr *

probability which, is obtained from experiment is in reality an average

since the probability for a given transition depends on both, the initial

and final energy states. The capture probability is equal to the capture



-62-

cross section times the particle velocity so that the experimentally

determined capture probability is equal to <.ov7, where the cross

section, a, must be included in the average since it is, in general,

velocity dependent. In order to obtain values for capture cross

sections, the following approximation is generally made: ^.crv? ~,

a<v? , where the cross section is specified for a given temperature

and <v? is the mean thermal velocity at that temperature. < v ? =

Y8kT/jtm , where m is the effective mass used for transport proper-

25
ties in the case of electrons,

m* = (I- +I- +i-)"1. (25)
e vm m m,

m , m , and m, are the effective electronic masses in the three princi-

24pal directions in the crystal, given by I.58 m, 0.082 m, and 0.082 m,
*

m being the electronic mass; or m = 0.04o m. The expression yielding
e

ft 25 *
m, for holes is more complicated. The value obtained is a = 0.25 m.

Now, <ve7/<vh7 = (m^/m*)l/2 -2.5. Therefore, a^/a^ =2-5 cpr/
X 2,000. A similar calculation, based on the data of Fig. 23, for the

case of l4-Mev-neutron irradiation, gives a corresponding ratio of about

1,000, in qualitative agreement with, the above value.

Since the electron-capture process is rate limiting, it can be

argued that the recombination center responsible for recombination in

25C Herring, Bell System Tech.. J. 34, 237 (1955) •

(1955)

oh

G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98, 368

25B. Lax and J. G. Mavroides, Phys. Rev. 100, 1650 (1955)

c
nr
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n-type germanium would be highly ineffective in p-type material. Actu

ally, the rate at which the lifetime is degraded by irradiation in

p-type germanium is lower than in n-type material but large enough,

to indicate the action of a different recombination center. In spite

of this fact, it is of interest to see if an analysis such, as that

carried out for n-type material might be of assistance in understanding

the recombination center in p-type germanium. Figures 24, 25, and 26,

taken from Refs. 3 and 5, demonstrate the results of irradiating p-type

material with. Co gamma rays, reactor neutrons, and l4-Mev neutrons.

These were all gallium-doped specimens. The results for the single

indium-doped sample (Fig. 19) were somewhat different. Since the recom

bination data for gallium-doped material are more extensive, discussion

will be devoted primarily to them. There is no reason a priori to

assume that behavior such as given by Eq. (23) holds for p-type mate

rial. That is, it is not known if a trapping level is effective in

the temperature range of interest. However, attempts to treat the

behavior in p-type material on the basis of a single recombination

level have not been successful. For conditions of small N and low
r

injection level, the Hall- Shockley-Read recombination equation may

be written for p-type material (p •? ? n) :

t = -^- + —V (i +^£). (26)c _pN c N v p ; v '
par r nr r *

If the recombination center in question lies well above the Fermi level,

p /p<<l; and Eq. (26) reduces to:
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Figure 24. The Recombination Behavior of Gallium-Doped Germanium following Irradiation by
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nlr !
T " c PN + T~T' (2?)

pr r nr r

This equation follows directly from the equation for p-type material

corresponding to Eq. (23), when the effects of trapping centers are

neglected. On the other hand, if the center lies below the middle of

the gap, the term containing n becomes extremely small; and

T
Plr

(l + -~)- (28)c N v p
nr r

It has been noted that levels near the center of the band gap

are most effective. If such recombination centers are operative in

p-type specimens, Eq. (27) would be expected to hold. Then the log t

versus l/T curve should have a slope at high, temperatures similar to

that for n-type material, if hole capture is rate limiting, or should

display no temperature dependence, if electron capture is rate limiting.

Inspection of Figs. 24 through 26, however, reveals a small slope,

£2 0.09 ev in the case of reactor-neutron exposure and ^0.06 ev for

gamma-irradiated specimens, with, a somewhat higher value for l4-Mev-

neutron irradiation. It is, therefore, tempting to conclude that the

recombination center lies near a band edge and either Eq. (27) or (28)

is applicable, depending on whether the level lies near the conduction

band or near the valence band. However, due to the fact that the

temperature-dependent terms contain either n or p , a level at

-4
the position indicated would be ^^ 10 as effective as a level near

the center of the band gap (for the same capture cross sections). This

would tend to make such, an explanation doubtful. It might be that the
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second term in Eq. (27) is dominant and the temperature variation

observed is due to temperature dependence of electron capture prob

ability.

26
Wertheim and Pearson have attributed similar behavior in

plastically deformed germanium to temperature dependence of capture

probability. For recombination at a charged center, a variation in

capture probability with, temperature might be expected. However, the

data of Figs. 24 through. 26 cannot be explained simply on the basis

of a temperature variation of capture probability. Note that the tem

perature behavior is approximately the same in Figs. 24 and 25 for the

two p-type samples of different resistivity, yet the values of the life

time at the same temperature are quite different. This would indicate

that a temperature dependence of c cannot be responsible for the tem

perature dependence of lifetime since electron capture does not appear

to be the limiting process. (The term in question, l/c N , is carrier-

concentration independent.) The behavior apparently cannot be ascribed

to variations in c since the term in Eq. (26) involving c also
pr pr

5
involves n . The behavior can be explained, but with some difficulty,

on the basis of coupled levels. However, it might be more satisfactory

to use an explanation involving recombination in the presence of traps.

Equation (2j) was derived for n-type material, but it is easily seen

that the solution is completely symmetrical for p-type material with.

the trapping and recombination levels above the Fermi level. In this

case the proper expression is

?6
G. K. Wertheim and G. L. Pearson, Phys. Rev. 107, 694 (1957)-
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This relation introduces a new type of temperature dependence, not

predicted by the simple theory. The experimental results are not

inconsistent with, the premise that the lifetime in gallium-doped,

p-type material irradiated with Co gamma rays and reactor neutrons

obeys the following relation:

Wtnlr
T = c p/n.. > (50)pr-*- r 2_±

and the temperature dependence shown in Figs. 24 and 25 would correspond

to the difference in position between the recombination and trapping

levels. The difference in the case of l4-Mev-neutron irradiation is

presumably due to other terms from the recombination equation becoming

important. For Eq. (30) to hold, the number of traps must be large

compared with, the number of recombination centers; and the recombination

process must be hole-capture limiting (c > ^c ). Since the pre-

irradiation recombination behavior is not unlike the post-irradiation

case, the trapping centers entering Eq. (29) apparently would be present

in the unirradiated material. As is true for the case of n-type mate

rial, the position of the recombination level appears to be nearer the

center of the gap in the case of neutron irradiation. Again this is

probably due to the extensive local perturbation produced by neutrons,

which, would cause a spreading out of the energy levels. The energy

levels nearest the center of the band gap, being most effective, would

dominate the recombination process. Thus, it is possible to explain
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recombination behavior in p-type germanium by assuming a high concentra

tion of trapping centers in unirradiated material. Although, this argu

ment explains the observed behavior, it is only tentative. Evidently,

the trapping centers postulated in the case of the gallium-doped mate

rial used in obtaining the data of Figs. 24 and 25 are different from

any that might be present in the indium-doped sample reported in Fig. 19,

as evidenced from the difference in temperature behavior.

Figure 27 displays the energy-level structure proposed go explain

the recombination behavior of n-type germanium exposed to various kinds

of irradiation. It is not possible from the present data to locate

these levels for p-type material. In n-type germanium the energy level

responsible for recombination apparently is shifted slightly downward

in the case of neutron irradiation. The important difference in the

three types of irradiation would appear to be that the number of recom

bination levels introduced relative to trapping levels is largest in

the case of l4-Mev-neutron irradiation and smallest for Co gamma irra

diation. This, coupled with, the fact that the lifetime change compared

with, carrier removal is greater for reactor-neutron irradiation than

for Co gamma irradiation and still greater for l4-Mev-neutron irra-

3-6
diation, indicates that the levels which remove electrons but do not

act as recombination centers act as traps. The difference in rate of

lifetime change compared with carrier removal was previously explained

on the basis of a difference in capture probabilities for the different

types of irradiation.

Unfortunately, it is impossible to determine capture probabilities

and cross sections for recombination simply on the basis of the results
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presented here. The reason for this is that the number of recombination

centers cannot be determined since their introduction rate is not known.

3-5(Before, when the energy level at 0.20 ev below the conduction band

was thought to be responsible for recombination, the rate of introduc

tion of this level as obtained from changes in carrier concentration

was assumed to be identical with the rate of recombination-center intro

duction.) Furthermore, the addition of a trapping term to the recom

bination expression complicates any determination of capture probabili

ties even if the number of centers were known. However, upon examining

the annealing behavior, it will be seen that under certain assumptions

the values of the electron-capture probability and cross section can be

obtained for the recombination centers.

The dependence of the stability of recombination centers upon

impurity concentration, together with the complications imposed by the

trapping process, indicates that any analysis of recombination behavior

based solely on the variation of lifetime with carrier concentration is

5
invalid. It had previously been stated, on the basis of the tempera

ture behavior, that such an analysis for p-type material could not be

27
made. Nonetheless, recent work has been based on such, a method.

'See, for instance, J. J. Loferski and P. Rappaport, J. Appl.
Phys. 30, 1181 (1959)-
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II. THE ANNEALING BEHAVIOR

Figures 3 and 8 through 10 demonstrate that the annealing process

by which lifetime recovers from the effect of irradiation is complicated.

Furthermore, the presence of trapping levels complicates the analysis of

the lifetime data since there are two types of centers present. In

Eq. (23) there are two terms, N,/c Up and l/c +P-,+, which display

the same temperature dependence. The first term depends on N,; the
Tj

second does not. Thus, it does not seem possible to determine the

annealing kinetics of trapping levels from the present measurements.

Figures 3 and 8 through 10 display approximately the annealing of recom

bination centers. However, in the case of arsenic-doped material,

annealing of the traps probably introduces some inaccuracies. Further

complications, apparently caused by high, concentrations of traps in

unirradiated material, occur in the two lowest resistivity, antimony-

doped samples. It seems apparent that the information to be obtained

from the annealing data will be largely of a qualitative nature. Several

conclusions can be drawn from the results of the exploratory measurements

shown in Fig. 3* The annealing behavior depends markedly both, on the

type of irradiation and the type and resistivity of the material. (The

n-type specimens were antimony doped; the p-type specimens were indium

doped.) Two ohm-cm, n-type material annealed more readily than fifteen

ohm-cm, n-type material regardless of the irradiation used. (The fifteen

ohm-cm value is nominal. Although, the three specimens were from the same

ingot, the values ranged from eleven to fifteen ohm-cm.) The most strik

ing difference between types of irradiation was demonstrated by the
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p-type material. Here the annealing behavior for material irradiated

by Co gamma rays was quite different from the two specimens irradiated

by neutrons throughout the annealing range.

Figure 3 is of use primarily in demonstrating the difference in

annealing behavior between various types of irradiation since Figs. 8

through. 10 deal with the difference in impurity concentration in much

greater detail. Figure 8 displays the dependence of annealing behavior

upon antimony doping. Although there are complications in the structure

of the curves which, may depend on other factors, the overall annealing

depends principally upon the impurity concentration. That is, gross

annealing occurs at lower temperatures for higher impurity concentra

tions throughout the impurity-concentration range considered here.

There is also, for the arsenic-doped samples, a partial anneal in the

low-temperature range which is impurity-concentration dependent, as

seen in Fig. 9- After this early anneal the curves for NCAs 2.6 and

NCAs 5.4 would very nearly superimpose if normalized, so this higher

temperature anneal is at least approximately impurity-concentration

independent. Figure 10 displays results for two additional antimony-

doped samples and a single p-type sample. As mentioned in the pre

ceding section, these two antimony-doped specimens from the same ingot

displayed different recombination behavior from the other antimony-

doped samples. The annealing behavior was also somewhat different.

Although the bulk of the annealing occurred in the temperature range

expected on the basis of the data of Fig. 8, there was an initial "nega

tive" annealing and a residual damage which did not anneal until higher
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temperatures. It is interesting to note from Figs. 3 and 5 that EPSb 2.0

also retained a sizeable fraction of its damage until higher tempera

tures, in contrast to EPSb 2-3 of Figs. 8 and 13. There may be some

connection between this fact and the difference in temperature depend

ence of lifetime discussed earlier. Figure 10 reiterates the fact

that annealing in p-type material is different from that in n-type

material. The annealing seemed to occur in several steps, indicating

that no unique process was responsible.

Some of the behavior that has been mentioned can be explained

using the postulate that the recombination center consists of an inter

stitial or vacancy associated with, an impurity atom (antimony or arsenic).

This would account for the fact that more energetic irradiation produces

relatively larger numbers of the centers since a displaced atom would

have a higher probability of coming under the influence of an impurity

atom if it had higher recoil energy. However, annealing behavior would

seem difficult to explain on such, a basis.

Helpful information can be obtained from isothermal anneals as

to the nature of the annealing process. One of the best clues to deter

mine the nature of the annealing process is the order of the annealing

reaction. If q is the concentration of the entity undergoing anneal

and the process is first order, with, k' the rate constant,

H - -^ (31>
so that

q(t) = q.oe"k,t. (32)
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To test whether a reaction is first order, q is plotted logarithmically

as a function of time. For a first-order process a straight line

results, and

k' = l/t In qQ/q. (33)

If the annealing of q depends upon the simultaneous "using-up"

of a second entity whose concentration is given by q', then the process

is second order. For a second-order reaction it is more convenient

to express the process in terms of x - q - q. Then

I • *•(% - *>K - x» <*>
and

1 1q(<10 - x)
k' = t(q -q') ^ q(q' -x) ^5)

v o o o o

unless q = q', in which, case
o o'

k. = l (____ _L). (36)t\ -X qQ'

If. Eq. (35) holds, plotting (q - x)/(q' - x) logarithmically as a

function of tijme yields a straight line while, if Eq. (36) holds,

(q - x)" is a linear function of time. If q' > ^q, then the kinetics

are again first order. Regardless of whether the process is first

or second order, the activation energy can be determined from

k' = Ae'E/kT, (37)
where E is the activation energy, determined by measuring k' at several

temperatures.

The above conclusions pertain to processes limited by a poten

tial barrier. They do not apply, in general, to diffusion-limited
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processes. The problem of diffusion-controlled reactions has been

treated and applied to annealing problems by Waite and by Reiss.

One result is that, in certain cases, diffusion-controlled processes

also display first-order kinetics. However, in this case the activa

tion energy, E, is the energy of motion of the diffusing entity.

It is seen that first-order annealing processes can arise in

various ways. First, if the rate-limiting step is the breaking up of

a complex, the process will be first order and the activation energy

will correspond to the potential barrier to dissociation of the complex.

Second, if the rate-determining process is the annihilation of the

defect in question at the site of a second entity whose concentration

is not altered appreciably by the annealing process (either the second

entity is not used up, or its concentration is very large compared with

the defect concentration), first-order kinetics apply and the activa

tion energy corresponds to the potential barrier to annihilation. Third,

if the annihilation of defects is limited by the rate of diffusion of

those defects and the annihilation process is first order, then the

28
annealing kinetics may be first order and the activation energy involved

is the energy of motion of the defect.

In the first case above, the rate constant will depend only upon

the height of the potential barrier and a frequency factor characteristic

of the dissociating complex. In the second case, the activation energy

for annihilation and a frequency factor will be involved; but the rate

98
Howard Reiss, J. Appl. Phys. 30, ll4l (1959)-
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constant will also be proportional to q', the concentration of anni

hilating centers, which, is assumed to be constant. In the third case,

instead of a linear dependence on q', the rate constant should be

2/3
proportional to q' ' . (The rate constant would be expected to vary

inversely as the mean time required to reach an annihilation site.

For a random-walk process this time varies as the square of the mean

-l/3distance between sites, which, in turn, is dependent upon q' ' •)

Isothermal anneals were made on several specimens. The case in

which, it might be hoped to gain the most information is the antimony-

doped, low-resistivity material where the annealing appears to be nearly

a single-step process. Figure 28, which is a semi-logarithmic plot of

the fraction of damage remaining as a function of time, demonstrates

the result of four isothermal anneals on NCSb 3-7- The curves appear

to follow Eq. (32) fairly well; thus, first-order rate constants k' have

been assigned to them. If a second-order effect is present, increasing

the amount of irradiation should increase the apparent value of k'. As

observed for a difference of a factor of three in the amount of irradia

tion, only a small difference in k' is observed, which is in the oppo

site sense to that expected for a second-order contribution. Figure 29

shcrfs somewhat more complicated behavior for UMSb 1.3(A) and UMSb 1.3(B).

However, Fig. 10 indicates that these samples retained residual damage

following a large amount of annealing at fairly low temperature. This

amount should be subtracted from the data of Fig. 29- For UMSb 1.3(A)

the correction was about one-tenth, and for UMSb 1.3(B) the correction

was about two-tenths. These values were subtracted from the results of
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Fig. 29 to give the data of Fig. 30. Again, except for the anomalous

early increase in damage associated with these samples, the behavior

fits Eq. (32) remarkably well. As before, first-order rate constants

have been assigned. Figure 31 is "the result of checking to see that

k' is independent of damage concentration, k' is constant within

experimental error. The reason for the curves being shifted with

respect to each, other is the occurrence of different amounts of early

"negative" annealing. Since this process occurs so quickly at 126 C,

it would probably be sensitive to the amount of time spent at room

temperature.

The primary annealing process in antimony-doped material thus

appears to be a first-order process. Figure 32 shows the result of

obtaining the activation energy on the basis of Eq. (37)• The values

for activation energy obtained for the two samples are somewhat dif

ferent, possibly indicating that this means of determining the activa

tion energy is not correct. However, the experimental difficulties

in obtaining Fig. 32 must not be overlooked. For the UMSb 1.3 speci

mens a correction was applied which was quite approximate in nature

and could affect the results somewhat. Actually, this correction

should have been time dependent since the residual damage must anneal

at a finite rate. Furthermore, the reverse-annealing process occurring

early on the curves might be affecting the results at later times. In

the case of NCSb 3>4 the point at 111 C has a high degree of uncertainty;

thus, the activation energy determined from this sample depends on only

two points, the relative uncertainty of which may be demonstrated by
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the difference in k' values obtained at 126 C for two different

irradiations. For these results it is considered possible that

the apparent difference in activation energies is experimental.

The observed activation energy of approximately 1.1 ev could

correspond either to a potential barrier at the site of the impurity

atom or to the activation energy of motion for the recombination

29
center. It is interesting to note that self-diffusion measurements

in germanium have resulted in a value for the activation energy of

motion of a vacancy of about one electron volt. The same value has

30
been obtained in measurements of the mobility of radiation-induced

defects in germanium. It is tempting to suppose that the same defect

(namely, the vacancy) was observed in the three experiments: anneal

ing, self-diffusion, and mobility.

The following speculative hypothesis is offered to explain the

experimental results. A displaced germanium atom has a nearby inter

stitial position which, is stable, and less energy is required to dis

place an atom to this position than to produce completely separated

vacancies and interstitials. This might be reasonable on the basis

that the strains produced by a vacancy and an interstitial would

partly compensate if the interstitial remained close to the vacancy;

and, furthermore, there might be an electrostatic interaction between

29
yR. Letaw, Jr., W. M. Portnoy, and L. Slifkin, Phys. Rev. 102,

636 (1956).

30.
P. Baruch, J. Appl. Phys., to be published.



Furthermore, the recombination center has the proper activation energy

for motion to be a vacancy, as mentioned earlier. On the basis of

these arguments, the recombination centers should be vacancies.

If the above conclusion is correct, the annealing of the arsenic-

doped samples should be impurity-concentration independent and should

be the same as for antimony-doped samples with sufficiently low antimony

concentration. This is approximately true except for the initial

concentration-dependent anneal observed in arsenic-doped specimens.

This early anneal has not been explained. Possibly there was a small

number of interstitial arsenic atoms which recombined with, part of

the vacancies, or a small fraction of the arsenic atoms might have

had interstitials associated with them with, which the vacancies could

recombine. These possibilities would be difficult to prove.

Dae to the complexity of the annealing behavior in arsenic-

doped material, one cannot perform an analysis such, as was carried

out for the case of antimony doping. However, the early anneal is

well separated from the remaining portion. Therefore, by first allow

ing the early anneal to occur, one may investigate the anneal occurring

at higher temperatures. Such an attempt is demonstrated in Fig. 33-

These isothermal annealing curves were taken following irradiation and

heat treatment for one hour at 126 C. On the basis of Fig. 9, nearly

all of the early anneal, but almost none of the later anneal, would

have occurred. It is clear from the shape of the curves that the

behavior cannot be described by a unique activation energy. Rather,

there seems to be a distribution of activation energies. The processes
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interstitial associated with the impurity or through, forming a complex

with the impurity. Thus, the annealing behavior of antimony-doped

material can be explained. However, this does not account for the

more complicated behavior in arsenic-doped germanium.

The difference in atomic radii between antimony and arsenic

might reasonably be expected to be somehow responsible for the differ

ence in observed annealing behavior. The covalent radii of germanium,

antimony, and arsenic are 1.22 A, 1.4l A, and 1.21 A, respectively.

However, the antimony and arsenic atoms carry unit positive charge,

33decreasing their size. On the basis of arguments given by Pauling,

the covalent radii for the antimony and arsenic atoms in the germanium

lattice are approximately 1-39 A and 1.19 A, respectively. Thus, it

would seem that there is a positive lattice strain produced by the

antimony atom which, is not present in the case of arsenic. An inter

stitial would avoid an antimony atom because its presence would add

to the strain present in the region of the antimony atom. However,

a vacancy would find it energetically favorable to be in the region

of the large antimony atom. Furthermore, a vacancy is expected to

be negatively charged and, thus, would be attracted to the antimony

atom. This negative charge agrees with the fact that electron capture

is the limiting process in recombination, as seen from the fact that

c is the important capture probability in the recombination equation.

52Linus Pauling, The Nature of the Chemical Bond (Cornell Uni
versity Press, Ithaca, New York, 19"4"8), p. 165•

^Ibid, p. 169.



31
the two. Wertheim has obtained evidence that such close-spaced

pairs occur in silicon. The energy level primarily responsible for

carrier removal is associated with the coupled defect and the recom

bination center is either an isolated vacancy or interstitial. First,

this hypothesis accounts for the difference in relative rate of intro

duction of recombination centers between gamma and neutron irradiation.

In the case of Co gamma irradiation, most of the Compton and photo

electric electrons which create displacements have only enough energy

to produce coupled pairs and relatively few isolated defects are pro

duced. On the other hand, with l4-Mev neutrons the average energy

imparted to the germanium atoms is large and, so, relatively few ger

manium atoms would receive just enough energy to form a coupled pair.

The case of reactor-neutron irradiation would, of course, be inter

mediate. The difference in trapping which also depends on the natu:

of the irradiation would indicate that a trapping level below the

center of the gap is introduced by these close-spaced pairs. On the

15basis of the measurements of Ryvkin and Yaroshetskii, this level

lies 0.25 ev above the valence band.

In order to explain the annealing data, the defect responsible

for recombination is postulated to become mobile in the temperature

range in which annealing occurs. Upon coming under the influence of

an impurity atom, the isolated defect responsible for recombination

becomes ineffective either through recombining with, a vacancy or

•51G. K. Wertheim, Phys. Rev. Ill, 1500 (1958).
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apparently are very nearly first order, as evidenced by the two sets

of data taken at 190 C for different damage concentrations. It would

seem unwise to speculate on the nature of this annealing because of

the small amount of information available. However, since this anneal

does not depend on the defect or impurity concentration, it is evidently

not direct vacancy-interstitial recombination; and it must take place

at some location other than an impurity center.

A brief statement regarding the nature of the trapping centers

should be included. While trapping occurs near room temperature in

arsenic-doped germanium, it does not in antimony-doped material. A

logical explanation would be that the trapping level in arsenic-doped

germanium is due to an impurity-imperfection complex. This could be,

for instance, an interstitial-arsenic pair. An interstitial-antimony

pair would not be expected to occur due to the large size of the antimony

atom. The trapping level was assigned the position of 0.17 ev above

the valence band, but this estimate involves a greater uncertainty than

that involved in the determination of the position of the recombination

center.

III. COMPARISON WITH OTHER RESULTS

The main purpose of this section is to compare the work herein

o

reported with, that of Brown, Augustyniak, and Waite. In their article

they surveyed much, of the earlier work and formulated their conclusions

with that earlier work in mind. BAW were the first to notice that

impurity atoms play an important role in the annealing of electron-

induced damage. The nature of the damage produced by electrons should
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be very similar to damage produced by gamma rays. Brown, Fletcher,

9
and Wright performed annealing experiments on electron-irradiated

germanium in which they observed the restoration of conductivity

due to annealing in the temperature range 160 to 300 C. These data

were re-analyzed by Waite, who included some more accurate data

of Augustyniak. Augustyniak's measurements were made on arsenic-

54
doped material, as were probably Brown, Fletcher, and Wright's.

BAW present some of these data in Fig. 2 of their paper. It was

found that these data agree surprisingly well with lifetime data

for arsenic-doped material shown in Fig. 33- Figure 34 contains

the data given in Fig. 33 as well as data of Brown, Fletcher, and

Wright and of Augustyniak. The data are plotted in the manner used

by BAW. Considering the different properties employed for indices

of annealing, the agreement between the conductivity and lifetime

data is remarkable. The resistivity of the samples from which the

conductivity data were obtained was ' O.J ohm-cm (before irradia

tion), as compared with the 5-4 ohm-cm specimen used for lifetime

measurements. The results agree with, the observation previously made

that this annealing process is not dependent upon impurity concentra

tion. NCAs 5-4 had a pre-anneal treatment of one hour at 126°C. In

the case of the conductivity samples with much, higher impurity con

centrations, the early, lower temperature anneal would probably have

occurred in a relatively short time at room temperature and would not

34
W. M. Augustyniak, private communication.
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have been observed. The dose used for conductivity changes was very

large compared with, those used for lifetime changes. Tneir initial

concentration of bombardment-induced defects was /u, 10 cm , while

13 -3the value in the present case was ^ 2 x 10 cm . The agreement

between the two types of data further substantiates the fact that this

anneal is defect-concentration independent.

It seems unlikely that the agreement of the data shown in Fig. 34

is fortuitous. On the basis of this agreement, the center responsible

for recombination in arsenic-doped material after the early anneal had

ft

occurred is felt to be the same center responsible for carrier removal.

Therefore, it was possible to count the number of recombination levels

on the basis of Hall measurements and, thus, determine the electron-

capture probabality for the recombination level. Table I gives the

rate of removal of carriers from arsenic-doped germanium. These data

were obtained using material from the same ingots as used for lifetime

35
measurements and were kindly supplied by H. Shulman and J. W. Cleland.

Note that in all cases an early anneal was observed. The rate of intro

duction of carriers stable to this anneal was used to determine the

concentration of recombination centers on the basis that two electrons

were removed for every added defect. However, there may have been only

one removed per defect. It was further assumed that the recombination

If the annealing occurred as a second-order process in which

acceptors and recombination centers were mutually annihilated, then
the annealing kinetics would not be defect-concentration independent.

35
H. Shulman and J. W. Cleland, personal communication.



Irradiation

TABLE I

HALL MEASUREMENTS OF ARSENIC-DOPED MATERIAL

(Data of H. Shulman and J. W. Cleland)

Carrier Concentration (cm )
Post-Low-

Temperature
-i_

AnnealSample (gammas/cm ) Initial
Post-

Irradiation

NCAs 5.4-3

NCAs 5.4-4

NCAs 2.6-1

NCAs 2.6-4

2.75 x 1017

4.58 x 1017

8.75 x 101?

8.50 x 1017

14

14

15

3.23 x 10

4.50 x 10

1.03 x 10

I.36 x 10

8.6 x io13

1.16 x 10

14

14

1.2 x 10

5.67 x 10

1.35 x 10

1.30 x 10

3-1 x 10

5.80 x 10

14

14

14

14

dn / -lx

-d*r(cm >
Post-Anneal

6.8 x 10"

7-0 x 10

5.2 x 10

9-2 x 10
•4

Mobility
Recovery

(large)

~ 60%

^80%

~70?_>

See Ref. 35.

For instance, several hours at 83 C Subsequent anneal at this temperature showed no
additional effects.

i
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level lies at E -E = O.36 ev and that, at l/T = 3-2 x 10-^ for

NCAs 5-4 and at l/T =3-1 x lo"5 for NCAs 2.6, the lifetime is very

nearly given by

PlrT = T^> (58)
nr r

since the corrections to this term nearly cancel at these temperatures.

(See Fig. 21.) Correcting for the pre-irradiation lifetime,

(t -7-)Plr
c = * °-l . (39)

nN
r

Table II illustrates the calculation of c . The value obtained is
nr

-11 3 -12.0 _+ 0.4 x 10 cm sec . Any inaccuracy in the position of the

recombination level would have a large effect on this value. However,

the estimated error does not include any such uncertainty.

In an earlier section the relationship between capture prob

abilities and cross sections was discussed. The cross section is

approximately equal to the capture probability divided by the mean

thermal velocity, <;v^. Using the expressions given, the resulting

value for the mean thermal velocity of electrons in germanium at 300 K

7 -1
is 3'1 x 10 cm sec . Using this value, the electron capture cross

-19 2
section was found to be approximately 7 x 10 cm .

o

Figure 35 is a reproduction of data from BAW. These data

15 3
represent samples containing r\j 2 x 10 antimony atoms per cm , irra

diated with one-Mev electrons at 79 K. Thus, all the damage stable

at 79 K is present at the beginning of the anneal. Presumably, most



Sample

TABLE II

DETERMINATION OF CAPTURE PROBABILITY AND CROSS SECTION

f \ a

^ ~~o) ,b
-3 -3 3 2

/ -1\ p, (cm ) / -3\ N (cm ) c (cm /sec) a (cm )
(sec J ^lr^ ' n(cm ) rv ' nrv ' ' nrv '

NCAs 5.4 1.26 x 10 7-67 x 1012 3-4 x 10 1.4 x 1015 2.0 x 10-11 6.5 x 10"19

NCAs 2.6 I.37 x 10 1.23 x 1015 9 x 10 9.1 x 1012 2.1 x 10-11 6.8 x 10~19

following anneal at 126°C, measured at l/T =3-2 x 10"-5(°K)"1 and l/T = 3-1 x 10"-5(°K)~1 for
NCAs 5.4 and NCAs 2.6, respectively.

_ °-36
b ~ kT
p. = N e , where N is the effective number of states at the temperature T in the

valence band.

(fcf)^ dn__°Nr =—^^--—~, ~r =- 7-0 x 10" and - 8.7 x 10 for samples NCAs 5-4 and NCAs 2.6, respec-
tively.

t
vo
On
I
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of the annealing shown in Fig. 35 would have already occurred in the

lifetime samples before measurement. An analysis of this data is

presented here which was not applied by BAW and which is of interest,

(it should be emphasized that in analyzing annealing behavior there

is not often a unique approach. This data of BAW can be analyzed on

the basis of a diffusion-controlled, first-order process; but this

fact alone does not definitely establish, the actual nature of the

annealing process.) Evidently, there is a sizeable fraction of the

damage which does not anneal during the main process; and this fraction

must be subtracted from the total in order to observe only this main

process. Figure 36 demonstrates the result of subtracting a fraction

from the original data such that first-order behavior is observed for

long annealing times. The amount which is subtracted is fairly unique,

being within + 0.02 of the stated value, 0.32. Now, for this method

of analysis to be valid, it should produce equivalent results for all

annealing temperatures. Furthermore, the amount of damage annealed

in the main process should be independent of the annealing temperature.

That this is the case is shown in Fig. 37; where annealing curves for

four temperatures are presented. The data for annealing at the lowest

temperature were much less complete than for the higher temperatures;

therefore, they were not included. Upon subtracting a nearly constant

fraction, almost identical behavior is seen to exist for the four tem

peratures . In fact, up until the time that 60 per cent of the damage

has been removed, both the corrected and uncorrected curves very nearly

superimpose, merely by shifting the time scale. This fact indicates



1.0

0.5

O
Ld

_5 0.2

<

<5

<
cc

0.1

0.05

0.02

-99-

UNCLASSIFIED

ORNL-LR-DWG 54732
•

x
\

• 0.23

TEMPERATURE OF ANNEAL==76°C

^^v >^_^^

^^^«
'—

W •

NJ »

-*( r-

—1

\* ==4.11X1C
-3 -1

sec

c)RIGINAL

N
DATA-0 32\

V
\

\
^( *N

CONDUCTIVITY DATA (

OWN, AUGUSTYNI/
D WAITE

DF
BK

AN

\K

0 100 200 300 400

TIME (sec)

500 600 700

Figure 36. A Semi-Logarithmic Plot of a Portion of the Data of the Preceding Figure, before
and after Subtracting the Fraction 0.32.



<
UJ

<
i-
o

<
CC

1.0

0.5

0.2

0.1

0.05

-100-

UNCLASSIFIED

ORNL-LR-DWG 54731
' '

V
A,

^: s s
A

•

•'•-A
'^*_ 4.

• h<-,
'-_ i

•

*
♦-■-i

♦— _ A

\
CONDUCTIVITY DATA OF

BROWN, AUGUSTYNIAK
AND WAITE

X
X

X
N.

N

yiENORM ALIZED

N
•

V

\
\ ^1 >

4X.

TEN/

•

•

A

JNEALINC

1PERATUF

97°C

76°C

56°C

40°C

; NOf

?E

? x

FRACTION

JBTRACT

0.32

0.32

0.32

0.34

\. A

RMALIZAT

FACTOR

4.7

1.0

0.21

0.053

ION

SI ED

0.02 -

0.01

0 100 200 300 400 500

NORMALIZEDTIME (sec)

600 700

Figure 37. Four of the Isothermal Annealing Curves of Figure 35 Plotted as in Figure 36 but
Time-Normalized to the Data of Figure 36.



-101-

that a single activation energy is responsible for the entire process.

(The process occurring at longer times does not have any appreciable

effect on these curves.) The observed behavior is consistent with a

first-order, diffusion-llml.ted process. ' In effect, the first-

order rate constant is time dependent, becoming constant only at long

times. Figure 38 is a plot of the first-order rate constant obtained

for the four temperatures plotted as a function of the reciprocal of

the annealing temperatures. The data indicate an activation energy

of 0-79 ev. This is practically the same value that BAW obtained

merely by plotting the time required to attain one-half anneal as

a function of reciprocal temperature. The reason that these two

results are alike is clear from the upper curves of Fig. 37- These

curves superimpose over this annealing range due to the fact that

the annealing process is controlled by a single activation energy,

except for processes which are completely unimportant at the time

one-half of the damage has been removed.

Clearly, an understanding of any process which occurs prior

to those observed in this study is important to the understanding of

these results. It is of interest to note that the early anneal is

dependent upon the nature of the impurity, as were also the present

data for annealing at higher temperatures. Figure 39; also from BAW,

displays this fact. This figure displays isothermal anneals at 56 C

performed on samples which were essentially identical except for the

doping agent. The antimony-doped samples show more extensive early

anneal than those doped with arsenic or phosphorous. Since this
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annealing process is structure dependent, it cannot be due entirely

to direct vacancy-interstitial recombination. Although analysis of

the data of BAW in terms of a first-order process would be invalid

if some direct recombination occurred, the value obtained for the

activation energy would still be approximately correct.

An attempt has been made to explain the annealing at higher

temperatures on the basis of the annealing of vacancies. An obvious

possibility is to ascribe the early anneal to interstitial migration.

The less rapid anneal and, also, the trapping levels present in the

case of arsenic doping could be explained on the basis of interstitlals

associating themselves with arsenic atoms instead of being completely

annealed. If the annealing process occurring near 50 C is, indeed,

due to interstitial migration, then there may well be some vacancy-

interstitial recombination. Whether or not this occurs could probably

be determined by investigating the dependence of the annealing on the

defect concentration. The various annealing results seem to indicate

that neither the vacancy nor the interstitial is a positively charged

donor. On the basis of the data of BAW and Brown, Fletcher, and Wright,

in no temperature range is there any significant annealing which pro

duces a decrease in electron concentration. If the interstitial were

a positively charged donor, then at the time of its anneal the magni

tude of the change in carrier concentration should actually increase.

As previously noted (Table I), in arsenic-doped material the early

recovery in mobility is much larger than the recovery in carrier con

centration. BAW, in Figs. 8 and 9 of their paper, show that for
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arsenic-doped material the annealing of mobility proceeds along an

entirely different path, than the carrier concentration. In antimony-

doped material the two properties anneal nearly together. This seems

consistent with, the idea that the early (approximately 50 C) anneal

is associated with interstitial motion and that in the case of arsenic-

doped material at least part of the interstitlals associate themselves

with arsenic atoms. In antimony-doped material this association would

not be expected to occur because of the lattice strain an antimony-

interstitial pair would produce. If the interstitial is an acceptor,

it is negatively charged; and each time an interstitial associates

itself with, an arsenic atom two charged scattering centers are removed,

thus increasing the mobility. The notion that this mobility increase

for arsenic-doped material might be caused by the association of a

defect with, an arsenic atom was mentioned by BAW. However, they did

not suggest that this defect might be an interstitial.

Although in n-type germanium defects introduced at 79 K are

stable up to near room temperature, p-type material demonstrates large

annealing effects in this range. This fact is demonstrated in Fig. 12

of BAW. This annealing, which occurs near 200 K in p-type material, is

associated with trapping centers and is very dependent upon the charge

state of the center. Thus, it is understandable that n-type material

does not show annealing in this same temperature range. In fact, the

annealing in p-type material near 200 K occurs only when light shining

on the specimen has filled the traps with, electrons. In n-type mate

rial these centers are all filled with electrons at these temperatures.
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Thus, these centers are probably not stable in n-type material even at

79 K. (This conclusion appears to be in agreement with, the data of

36
MacKay and Klontz, who investigated the annealing behavior of electron-

induced defects at lower temperatures and saw major recovery between

30 K and 70 K.) A good possibility for the nature of these defects

would be that they are an unstable species of vacancy-interstitial pair.

The dependence of annealing on charge state might be a further indica

tion of this fact since the Coulomb forces associated with the charge

would not be effective for very large separations.

J J. W. MacKay and E. E. Klontz, J. Appl. Phys. 30, 1269 (1959)



CHAPTER V

SUMMARY

The most significant result of this study is felt to be the

analysis of the recombination behavior by including the effect of

trapping centers. Some ideas have been formulated concerning annealing

behavior, but the concepts concerning recombination seem to be on a

better footing. The recombination data in irradiated germanium can

be explained in a more logical, consistent manner than was possible

before. Figure 27 shows the energy-level structure proposed to explain

the recombination data in n-type germanium. Evidence from the anneal

ing data, together with, recombination data, points to the isolated

vacancy as the recombination center. The position of the energy level

associated with, the recombination center is located approximately

O.36 ev above the valence band in gamma-irradiated material. The

capture probability associated with this center cannot be given with

certainty due to the difficulty in determining the number of recombina

tion centers. However, on the basis of some reasonable assumptions, a

-11 3 -1
value has been obtained, c = (2.0 + 0.4) x 10 cm sec . From this

value an estimate of the electron-capture cross section has been made,

-19 2
yielding the value a /-> 7 x 10 cm . The number of isolated vacan

cies appears to be fairly small as compared with the number of coupled,

vacancy-interstitial pairs in the case of Co gamma irradiation.

These coupled pairs may be responsible for the energy level located

1 20
0.20 ev below the conduction band commonly observed ' through Hall
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measurements. It is even more likely that they are responsible for

a trapping level about 0.25 ev above the valence band. The behavior

in p-type germanium which previously was not explained can be accounted

for quite reasonably on the basis that a high concentration of trapping

centers initially present in the material is effective in the room-

temperature range. Differences in the recombination behavior among

types of irradiation can be explained on the basis that particles which,

impart higher energy to the germanium atom produce larger numbers of

isolated vacancies as compared with the number of vacancy-Interstitial

pairs. There is apparently a small shift in the position of the energy

level for the free vacancy in the case of neutron irradiation. This

is probably due to the heavy, localized damage produced by neutron

irradiation.

The annealing behavior is rather complicated and it was not

possible to obtain a unique analysis of the observed behavior. How

ever, some ideas were presented concerning the annealing process.

The annealing behavior in germanium, as demonstrated by the lifetime

measurements presented and conductivity measurements of others, 'J'-*

is not inconsistent with the following model. Irradiation produces

three major types of defects: vacancies, interstitials, and vacancy-

interstitial pairs. Some of these vacancy-interstitial pairs (possibly

corresponding to the case in which the displaced atom occupies the

nearest interstitial position) are unstable at rather low temperatures

provided the associated energy level is occupied by an electron. In

n-type germanium these centers are unstable below 79 K, while in p-type
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material annealing of these close pairs is observed at higher tempera

tures (approximately 200 K), this annealing proceeding at a much higher

rate when light is shown on the specimen, filling the trapping levels

with, electrons. Progressing to higher temperatures, the next defect

to anneal seems to be the interstitial. It becomes mobile at about

50°C and has an activation energy for motion of approximately 0.8 ev.

In arsenic-doped material many of these interstitials may associate

themselves with arsenic atoms, with the resultant combination being

stable up to about 225°C The interstitial atoms would not form com

plexes with antimony atoms because of the large size of the antimony

atom. According to this model, vacancies become mobile at about 100 C,

their activation energy for motion being approximately 1.1 ev. Evi

dently, the vacancies show an affinity for antimony atoms, probably

forming complexes which anneal at higher temperatures. However, this

type of defect (vacancy-antimony pair), if it exists, does not affect

the recombination. The idea of the vacancy and interstitial both

forming complexes with donor atoms (interstitials in the case of

arsenic atoms, vacancies in the case of antimony atoms), is reasonable

in view of the fact that both vacancies and interstitials appear to

act as acceptors. Were this not the case, the radiation-produced

change in carrier concentration should be enhanced at the time the

donor-type defect anneals. The positively charged donor would have

an electrostatic attraction to a negatively charged acceptor. Further

more, in order to provide the smallest strain in the lattice, the

interstitial would find it energetically favorable to be near the
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slightly undersized arsenic atom, while the vacancy would like to

associate itself with the oversized antimony atom. Since the arsenic

atoms are not available for vacancy removal, much higher temperatures

are required for annealing in arsenic-doped material than in antimony-

doped material since the vacancies must migrate to more distant sites,

such as dislocations.
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