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Anneéling of radiation-induced defects in germanium single
crystals was studied by measuring Hall coefficient and conductivity.
The dopant was gallium or indium and the impurity concentration

13 6 5 x 1013

ranged_frbm 3 x 10 atoms/cm3. Irradiation of the
samples was made by using.l.SMeV electrons at 77°K' and the samples
wére annealed in a témperature range 77° ~ 400°K. Five annealing
étages on gallium—aoped sample and four stages on indium-doped
sample were obsgrved.

Eofmationlof the trap was evident aftef irradiatibn. »Posi—.
tions of the two trapping levels were determined to be Ecs - 0.1l6eVv
ana Ey + 0.16eV in géllium—doped sample. In the case of indium-
dqped"ﬁémple,'the position of the shallow trapping level was
found tpbbe af'about Ec - 0.10ev. In stage III,'which occurs
in the;range 220°K to 270°K, the traps were annealed out and the
donor density increased. In gallium-doped sample, a donor level
ét/d}OBéV'above the valence band increased in density as annealing
proceeded.

The effect of the defect charge state on the annealing
p:oceSS-was also studied, By illuminating the specimens by
1vi$ib1e light during annealing, the traps can be filled or, in
bthér\ﬁbrds, the charge state of fhe defect can be changed from
’that'under énnealing in the dark. When defects captured electrons,
é:defegt which was_otherwise,annealgblé in a range 80° "~V 140°K |

J(Stagg I)’became more stable and another defect annealable in



stage III in the dark was annealed out at lower temperature.

The activation energies of the stage III under various conditions
were obtained to be as follows; they are 0.38eV with traps

empty and 0.23eV Qith traps full for gallium doped sample, and
0.69eV with traps empty‘and 0.15eV with traps full for indium
doped sample.

In stage V, which occured above 380°K, the radiation induced
change in Hall coefficient and conductivity was annealed out.
Activation energy for the stage was obtained to be 1l.2eV for
gallium doped sample and l.6eV for indium doped. Characteristics
of the five annealing stages and differences in annealing
behaviors between gallium and indium doped sample are discussed
leading to proposed annealing models.

The annealing process in stage I is considered to be associated
with migrating vacancies. In this stage a vacancy with single
plus charge migrates to substitutional impurity with single minus
charge and makes [vacancy-impurity (substitutional)] complex with
single plus charge. The activation enexrgy cf this process was
found to be 0.leV. This activation enexrgy is regarded to be that
for the migration of vacancies. The model for stage III is as
fdllows; impurity (interstitial) with double plus cha:ge migrates
in this stage and makes association with substitutional impurity
atom with single negative charge resulting in an association
[impurity (interstitial) - impurity {substitutional)] with double
plﬁs charge. These models are consistent with the observations
in this investigation as well as those in publications by other

authors.



§ 1. Introduction

Many of the important physical properties of solids are
strongly influenced by various types of defects. It has been
recognized that understanding of relations between defect
structure and physical properties as well as the knowledges on
interactions of imperfections are very important to a better
basic understanding of solids. Lattice defects are introduced
by plastic deformation, quenching or irradiation with energetic
particles; fast neutrons, a-particles, high-energy electrons
and Y-raYs. The production of defects by irradiation has several
advantageé: The relative amount of damage can be easily
.éontrolled. The nature of the defect depends on the type of
radiation used. By using proper type of irradiation, damage
‘can be introduced guite homogeneously in the crystal.

Defects, like chemical impurities, introduce localized
states into the forbidden energy gap of semiconductors. Depend-
ipg/on the material, these defects may ionize as either donors
o; acceptors. Since radiation damage to a crystalline lattice
may be conceived as fandomly distributed interstitial-vacancy
pairs in its simplest form, the net effect of bombardment on
the carrier concentration will depend on the energy level
structure of both types of lattice defects. If the acceptor
action of one_component of the TFrenkel pair is stronger than
the dpnor action of the other compoqent, one would naturally

expect the carrier concentration of n-type specimens to decrease



with bombardment and conversion to p-type to occur for
’sufficiently long exposure. Irradiation by electron beams
tends to produce a simple defect by removing an isolated atom
from its lattice site to an interstitial position leaving
behind a vacancy. Thie Frenkel defect is the most gimple
radiation produced defect in semiconductors.

The electrical properties of semiconductors are known to
be'extremely sensitive to both chemical impurities and structural
imperfections in the crystal. Hence the study of radiation
induced defects in semiconductors has been of great assistance
in obtaining recent understandings of the structure of solids.
Since behavior of defects upon annealing provides kev to a
model of the defect and change in defect configurations is
refléctedhin electrical properties, annealing experiments have
played an important role in the proceedings of the study of‘
radiation damage. And yet several questions are left uvanswered.

‘These are the followings as some of them are raised by Corbett.l)

—
'(i) At what temperature does the migration of vacancies océur
and where do they move to?

‘(2) At what temperature does the migration of intexrstitials
occur and where do they move to?

(3) How much is the activation energy of these annealings?
(4) What is the annealing process?

(5) What is Ehe role of impurity atom in annealing process?

(6) What levels are introduced in forbidden band by these

defects?



(7) Where is the theory?
There are a number of electrical properties which have

been used in studies of these problems. The most extensive

oy
studies have been made by using Hall coefficient“)hs) and

n
conductivity.G) 8) The results yield the concentration and

mobility of carriers in .the crystal. The number of free carriers
provides information on the number of acceptors or donors
introduced into the lattice and the carrier mobility provides

information about the scattering properties of the defects which

9)

reveals the charge state. The minority carrier lifetime,

A . ) .
photoconductivity, electron spin reSQnancelO’ and optical

11)n14)

absorption spectra are also studied ky many investigators.

The fact that the annealing behavior of the radiation-

induced changes in carrier concentration and mobility is dependent
on species of ddpant was first reported by Brown et al.3) on
n-type germanium. They found that antimony-doped material showed
considerably more recovery in the carriesr concentration than
é;éenic-or phosphorus-doped material when the samples irradiated
at 80°K were annealed at 329°K. They also found that the varia-
tion in reciprocal mobility could be correlated with the change

in carrier concentration for the anneal of antimony-doped

samples but not for arsenic-doped samples. These results were
interpreted as indicating that defect-impuiity complexes are

formed more readily for some impurities than for others. The

additional evidence ‘for the existence of a defect-impurity



interaction was found by Curtis et al.015) They showed that

recovery of minority carrier lifetime after irradiation of Co60

gamma-ray at 308°K was infiuenced not only by the impurity type

but also by impurity concentration in both arsenic-and antimony-

: . ‘ | )
doped samples. Hasiguti et al.lb’ reported the effect of

impurity on the annealing of carrier concentration of Co60

gamma-ray irradiated germanium. Saito et al,l7) reported the
impurity type and concentration dependence c¢f the annealing of
n-type germanium after gamma irradiation at 77°K.

The'full dimensions of the possibilities of defect-impurity
interactions and complex formation in siiicon are shown by the
electron spin resonahce studies by Watkins and co-workers.la)m24)
Among the identified centers are isclated vacancies, vacancy-
oxygen complexes, vacancy-substitutional impurity complexes,
divacancies and interstitial inpurities. There are indications
suggesting the presence of impurity-multivacancy complexes and
the/migration of interstitial impurity atoms at low temperature.
In view of the similarity between silicon and germanium, it
woula not be surprising to find analoyous complexes in germanium.

'Less report has been published on study oif p-type germanium
than n-type. This is possibly caused by the lower carrier
removal rate of this material. VYet, some studies on radiation
damage of p-type germanium have been reported.

3)

Brown et al. reported the annealing of defects in p-type

germanium after 1.0MeV electron irradiation at 79°K. The results



are as follows: Traps of minority carrier are generated by
irradiation. The traps are annealed in a temperature range
200°K to 220°K and are replaced by stable donors. The rate of
annealing depends strongly upon whether the traps are full or
empty. It is interesting that the‘traps are removed much more
readily when they are filled thén when they are empty. The
activation energy for the annealing was 0.56eV with traps empty
and 0.19eV with traps full. ©No further annealing was observed
until 390°K in their indium-doped samples. The activation
enérgy for the annealing was 2.leV and almost all of the radia-
tion donors were remo?ed in this stage.

Experiments aftér electron irradiation at 4.2°K were

reported by Whitehouse.g)

He irradiated degenerate p-type
germanium at 4.2°K with 4.5MeV'electrons and found a carrier
removal rate of 0.4 cm—l. N-type germanium had a removal rate
25 times larger under the same conditions. Exposure to infrared
1;ght (hv < Eé) caused a change in cqnductivity decreasing
e%ponentially with time with two different relaxation times.

Two érocesses (Pl and P2) were also observed during the heating
of the specimen after irradiation; One (Pl), occuring between
30°K and 90°K and another (P2) between 70°K and 110°K. The
former tends to restore the conductivity, and this is observed
only after infrared irradiation at 4.2°K, and the latter decreases

in conductivity once again. If theispecimen was exposed to a

short pulse of ionizing radiation after the completion of the



latter process, conductivity was restored virtually to its
post~irradiation value ahd this cyclic behavior could be repeated
without appreciable loss of radiation induced donors. The most
obvious explanation for the decrease of conductivity during
illumination is that minority carriers are released from traps
and annihilate holes. However, Whitehouse pointéd out that

the process Pl might be more complex than the simple refilling

of traps and involves atomic motion. Hé suggested that Pl
involved the motion of defects to sinks. The P2 process obeyed
second order kinetics and the actvation energy was 0.16eV.
Similar experiments were done by Flanagan and Klontz.4)'5)
‘They showed that when the irradiated samples were illuminated
at 5°K with light of energy less than the band gap,'the carrier
concentration and‘the eléctrical'co£ductivity were observed to
decay. This decay could bé resolved into two independent
exponential docays where the ratio of the long-time constant
'(Exg, 1) to the short-time constant (Exp. 2) was about 6 to 1l.
MTﬁey observed four annealing stages and these occured in the
ranges 40° to 70°K, 100° to 150°K, 200° to 270°K and 380° to
420°K. There were two annealing stages in the 40° to 70°K
region, one centered near 50°K and the other around GS?K-

The value of the activation energy was 0.05eV for the 65°K .
stage and 0.04eV for the 50°K stage. These stages did not

show impurity dependence. The impurity-dependent behavior

oécured in the 100° to 150°K range.; The activation energy in



this region was 0.1l0eV. - Following the 100° ~ 150°K transforma-
tion, the so called two state defect appeared. This two state
defect was stable below 80°K and the defect behaved like a long-
lived minority carrier trap. The two-state defect broke up
‘near 200°K. This breakup obeyed first order kinetics and the
actiﬁation energy was 0.40eV. These results are generally
similar to those of Whitehouse,g) but in some points they are
completely different from each other. These differences are‘
considered to be attributed to the differences in experimental
conditions such as energy of bombarding electrons, carrier

‘ concentrétion and time of irradiation. These results were the
pioneering works on fhe annealing of p-type germanium. Recently,
drastic progress was made by Whan and her work is worth to

11)14)

review, Whan observed infrared absorption spectrum of

oxygen containing germanium and found a formation of oxygen-

14) Oxygen—doped germanium

11)

vacancy complex at low temperature.
..was/irradiated with 2MeV electrons at 25°K and 80°K, and it
was’shown that there was an interaction of oxygen atoms with
radiation-induced defects in germanium. Two bands at 719 and

736 cm_l, which were not present after irradiation at 25°K,
deVeloped on annealing between 58°K and 73°K in oxygeh—doped
germanium. The growth of the 620 cm”l band and the simulténeous
decay of 719 .and 736 cm ' bands near 120°K suggest that the bands

are related and impurity-defect interaction occurs in germanium

at lower temperature. She used samples doped with 0?8 enriched



oxygen and showed that there was a shift of absorption spectrum

in vibrational frequency by the change in mass between 016

0. The results showed that the 620 cm * band was associated

and

with negatively charged oXygen-vacancy complex. By analogy to
oxygen-defect interactions in silicon, these complexes were

considered to be oxygen-vacancy complexes, which was formed as
the vacancy moves at 65°K. Similar experiment was done using

12) 14 this case, the 620 em™ L

neutron irradiated germanium.
band was detectable after irradiation at 223°K and developed
upon annealing above 273°K. The results are in contrast to
those of electron irradiated specimens. This shift in the
temperature was understood as the result of additional vacancies
produced by the dissociation of the large defect clusters formed
by-neutrdn irradiation. o

Electron spin resonance is a powerful tool for the study
of the detailed nature of radiation induced defects in semi-
cqnductors. From the standpoint of electron spin resonance;
gérmanium is a material less'satisfactory than silicon. But
some works have been published on the electron spin resonance

25)n28) 25) ,26)

study of defects in germanium. Baldwin reported

the resonance of the gefmanium A~centers which were generated
in oxygen-~doped germanium by 2MeV electron irradiation at 60°C.

He observed another two paramagnetic centers, but the models

of the defects were not proposed for the lack of resolved

1 27)

hyperfine structure. Hasiguti et al. observed electron spin

- 10 ~-



resonance spectra on arsenic-doped n-type germanium irradiated
with 6MeV-electrons at 40°C. They observed A] , B and C spectrum.
The donor spectrum Aj;, which was not observed after irradiation,
emerged at 210°C and recovered its intensity before irradiation
at 500°C. The B and C spectrum which were observable after
irradiation grew stronger until about 210°C, and then they
decayed. The B spectrum decayed completely at 500°C and the C
spectrum disappeared at 310°C. They proposed the model of C
center which gives the C spectrum. The configuration of the
model is arsenic divacancy (As - V,) complex. If an arsenic

atom situates at the (1/2, 1/2, 1/2) site of the lattice
coordinate, two vacancies are situated at two nearest neighbours
i. e. (1/4, 1/4, 3/4) and (1/4, 3/4, 1/4). The energy level »f
the C state is 0.02 ~ 0.03eV below the conduction band. Electron
spin resonance on oxygen frée p-type germanium was studied by

10)

Trueblood. He irradiated the sample with 4.5MeV electrons

at-77°K and observed the resonance of Ge - Pl center. This
center showed some of the characteristics of a long-lived
'eleétron trap. When the sample was warmed above 77°K, these
traps began to empty and the resonance signal decreased. When
the sample is warmed above 220°K, the center lost its trapping
property. He did not propose a definite microscopic model of
the Ge - Pl center, but the high degree of symmetry of the g

.tensor suggested that the structure of the defect was simple.

The studies of electron spin resonance on the radiation defects

- 11 -



in silicon gave many important results for the study of radia-

tion damage.ls)m24)

Many configurations of the defects Were
determined by Watkins et al.. These results indicated the

Si - A center as ariSing from a vacancy-oxygen pair and Si - E
center as arising from a vacancy-phosphorus pair. Watkinsz4)

also observed vacancy and interstitial motion. 1In p—type'silicon,
the vacancy spectra disappeared in a‘¥5 minute isochronal anneal
at v 160° to 180°K and in n-type silicon, the vacancy spectrum
disappeared in a 15 minute isochronal anﬁeal at 60°K. He found

a spectfum arising from interstitial a1ttt in aluminum-doped
silicon irradiated at 4.2°K. He explained the results as follows.
The vacancy-interstitial pair is formed in the silicon lattice

by irradiation and interstitial silicon atom migrates through

the laﬁtice until trappéd by the substitutional aluminum atom.

In the trapped state, the silicon atom replaces the substitutional
aluminum atoﬁ, ejecting it into interstitial site. Similar
process were observed in copper-doped n-type germanium irradiated

‘ 29) ,30) 31),32)

at 77°K by Hiraki et al.. Mackay and Klontz proposed

the.close-pair model33)‘for the 65°K stage of n-type germanium.
The vacancy-interstitial pairs are generated by irradiation and
they are stable to 65°K. In thevneighborhood of 65°K, the close-
‘pairs recombine. But recent information indicates that this

34)

~model is not correct. Zizine reported a result of isothermal

annealing of n-type germanium after irradiation at 20°K and
R ! ' .
. found an impurity concentration or dopants dependence of the

- 12 -



annealing rate. This result indicates the dependency of the
ahnealing process on either kind or concentration of impurities.
Hence, the close-pair model must be abandoned. Zizine took the
view that the annealing rate was influenced by the impurity .
concentration and proposed that the annealing was the result

of long range migration of interstitials to recombine with
vacancies. But Mackay and Klontz took the view that annealing
rate was influen?ed by the different néture of the impurity.
They proposed the model of 65°K stage, such that the interstitial

]

atom trapped by a group V impurity atom migrates to vacancy

near 65°K. Ishino et al.35)

studied the effect of defect charge
state to the annealing of n-type germanium and reported that

the defects that captured electrons remained stable until 65°K,
but without electrons, the defects were annealed out at 30°K.

The amount of published work on p-type germanium36)m38)

39) v65) and a

is small compared to that on n-type germanium,
more extensive body of experimental information would be helpful
tg obtain a better understanding of radiation defects in semi-
conductors. This stﬁdy was undertaken to investigate the
annealing behavior of gallium-or indium-doped germanium under
carefully controlled conditions in an attempt to learn some of
the details of the annealing processes which occur in the range
80°K to 400°K. Hall coefficient and conductivity were measured

during both isochronal and isothermal anneals after irradiation

at 77°K. The effect of impurity type or concentration on the

- 13 -



annealing, the effect of defects charge states on the annealing,
the activation energy for various annealing stages, the energy
levels observed after the various annealing stages and the
process of annealing wWill be discussed together with proposed

annealing models.,

- 14 -



§ 2. Experimental Procedure

1) Sample and Irradiation
The crystals used in this study were gallium-doped or .indium-

doped germanium. The gallium concentration of the samples is

13 15

to 5 x 10 atoms/cm3 and that for the

14

in the range 3 x 10
indium-~doped sample is 8 x 10 atoms/cm3. Wafers of 0.3 ~ 0.5 mm
in thickness weére cut ffom the single'crystals perpendicular to
the <111> axis. Bridge shaped specimens were cut by an ultrasonic
die. After the surface of the specimen was etched with CP - 4,
ohmic contacts were made by using indium solder containing 5%
lead. The specimen was placed n a slot at one end of a sample
holder. The holder is a bakelite stick of dimensions 2 x 12 x 370
mm. The slot where the sam, : is mounted is covered with coppér
strip with a small hole allowing the electron beam to enter.
Electrical insulation between the sample and the copper strip
was,provided by a layer of cellulose acetate tape placed on the
étrip. This arrangement protects the sample from breakage with-
out undue thermal insulation. AThe Hall coefficient and. conductivity
were measured over a temperature range from 80°K to 400°K prior
to irradiation.

The irradiation was made along a <111> axis of the crystal
with 1.5MeV electrons from a Van de Graéff accelerator. The beam

intensity was 0.8 uA/cm2 or 4 uA/cm?. These specimens were

mounted on a float so that they weré kept at the surface of

- 15 -



liquid nitrogen regardless of the level of the coolant in the
bok. These arrangements are shown in Fig. 1. After the irradia-
tion was done to a hélf of total dose, the saﬁple was turned
inside out and the opposite side of the sample was irradiated

at residual dose. The,tota; dose .of irradiation ranged from

7.5 x 10%% 16

to 2.6 x 10 electrdns/cmz. Choice of the total
dose was made in connection with the impurity concentration and

other requirements of the study.

'2) Method of Measurement

The nature of radiation-induced defects in p-type germanium
was studied with the measurement of Hall voltage and conductivity.
The magnitude of fheIHall voltage is a measure of the free carrier

66) The free carrier concentration is the algebraic

concentration.
sum of the concentration of the various charge centers. A
measurement of the carrier concentration gives direct information
of the concentration of crystal defects. The Hall coefficient

RH is related to the carrier concentration for intrinsic material

by the relation

3w puhz ~ nue2
Ry = 5 (e. s. W . (1)
8ec (puh + nue)
where n : the electron concentration)

.

p : the hole concentration

the electron mobility

=
(0]

- 16 -



My, ¢ the hole mobility
_e : the charge of electron

For a sample in the extrinsic condition

3m
Ry = t—5=—=— (e. s. u.) (2)

8ecpi

where p; refers to the concentration of the excess carriers and
the sign is + for p-type and - for n~type. Then, the excess

carrier concentration is given by

* l 8 .
p; = 7.38Rx 10 (cm 3) (3)
L ' .
where RL is Hall coefficient represented by practical unit and
19 '

it has relation R = 9 X 10° Ry.

Measurements of the Hall voitage and conductivity were
made by using an integrating digital voltmeter, and the magnetic
field‘strengthlfor the Hall measurements was 500 oersted. The
temperature of the small furnace used for the aﬁnealing was
electrically controlled to *1°K with a chromel-constantan
théfmocouple and an electronic controller. The schematic
representation of temperature controlled furnace and the block
diagram of controlling circuit is shown in Fig. 2. Isochronal
anneals of 20 min were made at 10°K intervals in the range from
80°K to 400°K. The reference temperature of all measﬁremenﬁs
was 77°K. When filled trapé were desired, illumination by a
miniature electric bulb was used. When the annealing was
carried out in the dark, the sampleﬁwas cooled down to 77°K

and the Hall voltage and conductivity were measured. Next,
. g Y



the traps were filled by illumination with visible light and
the measurement for the traps full condition was made. When
the annealing was carried out in visible light, the measurements
at 77°K could be made only for the condition of the filled traps.
4According'to the requirements of the study, isothermal annealings
in the dark or in visible light were also made. In this casé
too, the reference temperature of ali measurements was 77°K.

The method of the "heating experiment" is described below.
This experiment was undertaken with an intention of determining
level position of the trap. It can be determined from the
temperature dependence of the rate of thermal release of electrons
from the traps. The:procedures are as follows: After a sample
temperature was set to a predetermined "heating" temperature,
the traps were filled by illumination of visible light. The
moment of turning off light was taken to be the origin of time
scale, and the decrease in hole concentrations and conductiﬁity
was measured as a function of time. The heating temperature
rw;s at least 10°K lower than that of'the proceeding annealing
in order to avoid undue annealing of the defect. After the
heating experiment checks were made to insure that the heating

caused no unwanted annealing.

- 18 =



§ 3. Experimental Results

1) 1Isochronal Annealing

(a) Gallium-Doped Germanium

A study of the Zo‘minute isochronal anneals in the temperature
range 80°K to 400°K was made atle°K intervals. A typical result
of 20 minute isochronél anneals on the carrier concentfation of
gallium-doped sample is shwon in Fig. é. The initial carrier
concentration of this sample was 2.2 X 1014/cm3 and it decreased

15 electrons/cmz.

to 1.5 x 1014/cm3 after irradiation of 2.1 x 10
This indicates that the dominant effect of the 77°K electron
irradiation is igtroduction of net donors.

The annealing was performed in the dark. fhe curve plotted
with black dots was obtained aftér recooling to 77°K in the
dark, while that ploted by circles was obtained at 77°K after
illumination by visible light. From this figure, it is evident
that_there are five annealing stages in this temperature range.

Stage I is in the range 80°K ~ 140°K; stage II is in the
150°K ~v 170°K range; stage III is in the 220°K ~n 270°K ramge;
stage IV is in the 330°K ~ 370°K range; and stage V is above
380°K.

The mobility is calculated from Hall coefficient and

conductivity by the relation

u(cmz/volt. sec.) = IRLI(cﬁ3ycoul.)'0(l/ohm~cm)

- 19 -



where u is Hall mobility, Ry, is Hall coefficient and o is
o ndﬁctivity. The change in mobility during the annealing %s
shown in Fig. 4. |

The carrier concentration decreased in the first stage, or
in other words the stage is reverse annealing stage. The stage
is considered to be associated with emptying of electron traps
since illumination after recooling to ?7°K reestablishes the
near original value. When the measurement was done after
recooling to 77°K in the dark, remarkable decrease in mobility
was obsérved. This indicates that the decrease in hole concentra-
tion is accompanied by an increase in scattering center density,
;ﬁich is expected for the release of minority carriers from
1
traps. This sample shows conversion from p- to n-type at the
end of this stage (@® mark shows the electron concentration),
suggesting that this stage is to be interpreted not merely as
a release of electrons from the traps but to include additional
fqrmation of shallow donor levels by some rearrangement of defects.
fhe type conversion was observed to be more pronounced and to
covér a wider température range in heavily irradiated specimens:

In stage II, the total donor density decreased and the traps
Pégan to disappear. Mobility also recovered.

In stage III, the traps were compietely annealed and the
donor density increased once again. Mobility with traps empty
showed little change in this stage, whereas mobility with traps

full decreased until it coincided with that with traps empty.



This suggests that the traps were transformed into stable
donors which in their ionized stage scatter carriers as

effectively as the former empty traps. Similar isochronal

13

annealings were made on samples containing 3.1 x 10 and

15 atoms/cm3 of gallium. On comparing the isochronal

3.8 x 10
annealing curve of the sample containing 3.1 X 1013/cm3 gallium
atoms with that in Fig. 3, it is easily understood that this
stage is much less pronounced in a crystal with less impurity
concentration. The annealing behaviors in the other stages

are alszt the same as shown in Figs. 3 and 4. The sample of

15 electrons/cm2 and the other one

15

Fig. 3 received 2.1 x 10
was irradiated to 1.5 x 10 electrons/cmz. Total irradiation
doses for these specimens are not much different. Accordingly
the difference in impurity concentrations of these samples is
considered to be responsible for the difference in annealing
behaviours of stage”III. 'The fact that stage III decreases

in importance with decreasing gallium concentration indicates
that this stage may have some connection with a gallium-defect
complex.

In stage IV an increase in donor concentration or a
decrease in acceptor density was observed. In this stage too,
type conversion was observed in heavily irradiated specimens.

In stage V anneéling of donors seems to be occurring and

nearly complete recovery of the hole concentration occurs.

In order to explore the effects of charge states to the



annealing processes, the annealing in visible light and the
annealing in the dark were studied. Fig. 5 shows the result

of this isochronal annealing. When the sample was annealed

in the 80°K ~ 110°K range under illumination in the lst step,

the carrier concentration increased and this can be attributed

to the stage II. The temperature where  the stage II begins

in the dark is about:150°K. It is concluded that the temperature
for the stage II was lowered by illumination with visible light.
After this step, the annealing in the 80°K ~ 150°K range in the

dark was done and the decrease of carrier concentration which

o

ras been called as stage I was observed. This suggests that
the defect associated with the annealing of stage II becomes
unstable when it captures electron.

Fig. 6 shows the result of isochronal anneals in visible
light for the stage III. The stage III could not be observed
by annealing below 220°K in the dark, but it was observed in
the annealing at 200°K under illumination with visible light.
| Temperature dependence of carrier concentration was measured
after isochronal anﬂealing to 280°K, 330°K and 400°K invthe
dark as shown in Fig. 7. Position of the radiation-~induced
donor level can be obtained from the measurement. The level
position was determined by the next equation. After irradiation,

the carrier concentration ng, is represented as

+ (i)
1



where N, is the initial carrier concentration, N

. is the donor
'Di

concentration generated by irradiatipn'and ND;'isbthe,concentra-
tion of the donor that loses electron. .The relation ofNDi and
+ . ‘

Ny; is

Nt = i (ii)

Di 1 + v epr(EF-EDi)/kTT_

and

Ep = E; + kT 1n Ni/n, (iii)

where EDi is the position of the donor level introduced by the
defect, Y is the ratio of the statistical weight of the vacant

state to that 6f the occupied state, E is the top of the valence

v
band, k is Boltzmann constant, T is the absolute temperature

and Nv is the state number of valence band expreséed as

mE oz 3
N, = 4.83 x 101° x (—7§Lo? c 92 / omd

The number of donors which‘has not released electronégis put

o) : ‘
gDi' Then,

o : + i
Npj = Npg = Np; - (iv)

From the egs. (i) (ii) (iii) and (iv), the following equation can

be(deduced;

v

o
n, ° "bi =y N, exp.(E,, =E_.) / kT (v)
A T Y Py * Vv TUpi .
N..
. Di
| 3
‘As N, is proportional to Tz, the position of the donor level
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o 3
. . N - -
is calculated by the slope of a plot of'ln(nA-—E% T 2) vs
L Npi .
reciprocal temperature. When the condition of np <<Ny is

satisfied, the eq.(v) can be written in a familiar form,.

n, oC Ny, exp, (E, - Ej.) ‘/ kT . (5)
3 A A

The slope of a plot of ln(n,T 2) vs reciprocal temperature when

Na

of Fig. 7, it can be concluded that a donor level at E

is small enough indicates the energyxlevel. From the curves

v + 0.08eV

exists after annealing at 280°K, which cannot be seen after

completion of the annealing up to 400°K. The impurity concentra-

14

tion of this sample was 1.2 x 10 atoms/cm3. In the case of

13

crystal with less impurity concéntration,,S.O x 10 atoms/cm3,

the donor level E; + 0.08eV was not observed after anneéling
to 256°K where the traps had been annealed out.
(b) Indium-Doped Germanium

The result of isochrénal anneals on the indium-doped sample

S

is shown in Fig. 8. The specimen was irradiated to the total

dose -of 1.5 x 10%°

eléctrons/cmz. From this figure it is evident
that there are four annealing stages in tﬁé indiumn-doped sample.
An annéaling étage correéééndiﬁé ﬁo the stége IV of gallium-
ddped sample could not be observed in this case, but A,stage
corresponding to stage V began at aboﬁt 360°K. It is also evident

that the difference between curves represented by black dots

and circles are caused by trapping.
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Fig. 9 shows the result of a series of isochronal anneals
repeated alternatively under 1llum1nat10n and in the dark.
Successive anneallngs of 80°K N 100° K in the dark 110°Kq,120°K
in visible light and 110°K n l40°K in the dark were performed.
The measurements were made at the reference temperature of 77°K
after illumination with.visible}light'(with traps full). The
lst step of the annealing curve merely means that the stage I .
is beginning regularly. When the sample was annealed at 1103K
and 120°K under illumination in the 2nd step, the carrier
concentration evidently increased and this can be attributed
to the stage II. The temperature where the stage'II‘begins in
the dark is about 140°K. The difference in the. temperature |
range means that the temperature for the stage II is lowered
by illumination with visible light. 1In other words, for the
case of indium doped sample too, the defect a55001ated with the
stage II becomes unstable under 1llum1natlon as was the case
for gallium doped. After this process, when the sample was
annealed at 110°K and 120°K in the dark again, the carrier
concentration decreased. This is stage I. The stage I is
observed after annealing at 120°K in visible light. Considering
from the fact that the temperature where the stage I is finished
is 120°K ~ 130°K, the decrease in carrier concentration by
annealing at 110°K in the dark suggests that the defect which
is annealed in the stage I in the dark was nqt annealed in the

i | .
annealing at 120°K in the light. In other words, the defect is
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hardly annealed when it captures an electron.

The result of similar'experimeﬁts on the étage III is shown‘
in Fig. 10. The sfaéé III could noﬁ be observed by annealing to
220°K in the dark, but it was observed at 190°K in the annealing
under illumination. When the anneéiing was carried out ih |
visible light, the stage III was finished at 240°K while it
was finished at 270°K in the dark. 'Ispéhronal annealing curves
of the mobility obtained by anneélings under illumination and
in the dark indicate-that the mobility recovers in the stage
where the carrier concentration iﬂcfeases and mobility decreases
in the stage where the carrier concéntration decreases.

In order to stﬁdy the effect of impuritiés in detail,
isochronal anneais’on spécimens of gailium-doped and indium-
doped were performed after they weré exposed to exactly the

same dose 5.0 X 1015

electrons/cmz,. The galiium—doped sample
has the initial carrier concentratioﬁ of 1.7 X 1014/cm3 whereas
the indium-doped sample has 6.0 X 1014/cm3. The result is o
éhown in Fig. 11, where unannealed fraétion f(p) is plotted

against temperature. f(p) is represented as

pO - pt

f(p) = ——
pO pr

where Pg is the initial carrier concentration,'pr is the carrier
concentration after irradiation and\pt is the carrier concentra-

tion after annealing. The gallium-doped sample showed reverse
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annealing to about 140%, while indium-~doped sample went up to
about 220%. Considering from the figure shown in Eig; 12, it
can be concluded that the stage I of éallium—doped specimen
has no dependency on impurity concentration. Hence, the
difference in the amount of stage f{between these two samples
should be attributed to the differénée in species of the
dopants. The conclusion is that the ipdium-doped‘samplé

shows much pronounced stage I annealing than gallium-doped.

2) Isothermal Heating

To explore the position of the trapping ievel, the eXperi-
ment of ﬁhe isothermal heating was done. The electrons being
captured at the trapping level gan ée'thermally réleased to the
conduction band, when thé sample is heated to an appropriate
temperature. The probability that an,electron‘eXCites thermally

‘to conduction band per second, is given by
w=vexp ( -E; / KT ) (6)

where v is the fréquency to escape frpm the trap, Eq is the
position of trapping level from the conduction band, k is the
Boltzmann constant and T is the absolute temperature.. The time
rate of the excitation of electrohsjtb the conduction band is

given by

dn
dt

= n V. exp ( -ﬁT / kT ) (7)
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where n is the number of'electronssbeing trapped. The following

equation can be written from eq. (7);
Inn=v t exp ( ~En, / kT ) .
This eguation can be defprmed as
inn = at - (8)

where o = v exp ('—ET / kT ). The position of the trapping

level B, can be determined from the temperature dependence of

the time rate of félease of electroné. The results of isothermal
heating on gallium-doped sample are shown in Fig. 13. After

the sample had been annealed to 150°K, the temperdture dependence
of the time rate of release of‘eleét;ohs at 125°, 130° and 140°K
were observed. It was assumed that no annealiné of defects
occurred during theseiheatings. Tﬁis assumption‘was justified

by confirming that the carrier concentration at 77°K before and
afte: heating experiments”coinciaed within the experimental
errors. The @ marks indicate carrief concentrations at 77°K
before and after heatings. From this experiment the position

of this trapping level was estimated to be 0;16e§ below the
conduction band. The experimental result.which leads to this
value is shown in Fig. 14. Fig. 15 shows that the release of
electrons from this trap at 140°K could not be observed after
annealing to 260°K. This shows that;these traps were destroyed

|

after annealing to 200°K. However the curve in Fig. 3 indicates
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that trapping centers are still present in the crystal. The .
temperature where all of the traps disappear is 270°K at the
end of stage III. Now the question arises what is the trapping
center remaining. Anotber experiﬁent was made to empty the.
remaining traps by isothermal heatings at 170°K and 200°K,
after the sample was isochronally annealed to 230°K. The
results are shown in Fig. 16. When:a sample is heated at
‘170°K after isochronal annealing to 230°K, the carrier concen-
tration of the sample‘decreased indicating that electrons were
released from the deep trap at this temperature. When the
~same sample was kept at 200°K, no electrons were released from
the traps. These observations were‘confirmed on two samples
'containing different’concentrationé of gallium.<kThis is under-
standable if the position of the Féfmi level is lower than
‘that of the trapping level at 170°K and above that position

at 200°K. The Fermi level is calculated from the equation

p = Ny exp{{(EV -z / kT}

*

3 3
m = 5.
N, = 4.83 x 107 .« (B)? .+ % / cm

3

8y

where. p is the carrier concentration, ¢ is the Fermi level posi—
tion,;EV is the top'of the valence band, k is the Boltzmann
constant, m ;F the mass of free electron, m; is the effective
maés of hole and T is the absolute temperature. From the posi-

tion of the Fermi level at these temperatures, the deep level
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was concluded to lie in the neighborhood of Ey, + 0.16eV. After
annealing at 270°K, no electrons were released from the traps
by isothermal heatinq at 170°K suggesting that the deep traps
‘had been»destroyed This is in good agreement With.the ‘result
shown in Fig. 3. The ex1stence of . these two trapping levels
is conSidered to; be conSistent With ‘the results obtained by
Klontz4) and Whitehouse.a)_ Similar heating eXperiments to.
thosekcarried out onigallium—doped samples were made to deter-
mine the level pOSltlon of the trapping center on indium—doped
samples. After the sample had been annealed to 150°K, the
temperature dependence of time rate of release of electrons
at 1109 120°, 130° and 135°K were\observed Position of the
shallow trapping level was found to be 0. 10eV below the conduc-
tion band from the- s10pe of lines shown in Fig. '17. As shown -
in,Fig. 18, this trap decreases in strength with isochronal
annealing in the range 150°K ~ 250°K, and is completely destroyed
after-annealing to 270°K. When annealing was done under illumi—
'nation by v151b1e light, the Ec\— 0.10eV level was removed at
2309K. This result is shown in Fig. 19.  The temperature where
the stage III began was lowered}too. These facts suggest that
the'anneals in this temperature range are greatly affected by
chargq;state of the defects.

On aluminum doped sample, the temperature dependence of
the time rate ofirelease}of electrons from traps at 90°, 95°,

§
i

100° and 110°K were measured after the sample had been annealed
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to 130°K and the position of the trapping level was found to

be 0.11 eV below the conduction band;

3) Isothermal Annealing

| In:order to investigate each stage in detail, isothermal
annealihgs were made ét several temberatures. fgvstudyjthe
energy level position 6n the galliqudoped samplé, temperature
“dependence of carrier concentration after sﬁccessive annealings
at 230°K in the darg_was measured. The result is shown in Fig.
"20. In a curve plotted after 6 min anneal with traps empty,

a step in carrier concentration at about 6 in abscissa is evi-
dent. This step was found to be causéd Ey a level at about
0.16 eV above the valence band, and the level is considered to.
be present prior to the anneal sinéégthe step in the curve éfter
100 min shows little difference from.that after 6 min. This
level is apparently associated with the trapping level because
it was not evident under illumination by visible light and fur-
.thérmore, it was removéd simply by continuing the annealing at
the same temperature. The position of this level could also
be determined by the igothermal héating expefiment after the
‘shallow traps have been removed by annealing at 200°K. . The
value so obtained agreed exactly with that describéd above.

The decrease of carrier concentration below 1l00°K is considéred
to be cgused by a donor level lying;OTOS ev aboyg the valencé-

1 .
band. Temperature dependence of mobility with traps full after
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successive annealings”at 230°K is shown in Fig. '21. The decrease
in mobility at low temperature canbbe caused by the ionized

Ey + 0.08 eV center. From the figure it is conqluded that the
density of this level increases-as annealing proceeds. ‘As men-
tionedipreviously, the E;, + 0.08 eV cannot be detected in the
sample that contains little gallium.‘ Hence, the formation of
E, * 0.08 ev level is not necessarily eccompanied with the dis-
appearance of E, + 0.16 eV level. Though in gallium-doped
sample a level at E; + 0.08 eV waseobserved to form in stage
IIT, a level corresponding to this level was not observed in
indium~doped sample. The energy level scheme cobtained in this
investigation on a gellium—doped sample is summarized in Fig.
22. The trapping levels at Eg ‘f0'16 evV.and Ev + 0.16 eV exist
after isochronal anneal to 150°K. The Eé - 0.16 eV level dis-
appears after isochronal anneal to 210°K. After isochronal
anneal to 270°K, the E;, + 0.16 eV level disappears and Ey, +l0.08
eV level is formed. From Figs. 3 and 8 it is evident that the
ahnealing mechanism of traps in stage.III is different between
galliumrdoped sample and indium-doped sample. In the course

of the annealing stage III of the samples containing more than

14 gallium atoms/cm3, the carrier concentration did not change

10
with traps empty but decreases with traps full. When the sample
was annealed to 270°K, the carrier concentration with traps full

coincided with that with traps empty. But, for the sample con-

taining only 3 X lOl3 gallium atoms/cm3,,the carrier concentra-



tion with traps full did not change and that with traps empty
increased to coincide eéghubtﬁé;;FVConsidering these behaviours
togetber with the fact that the EV +:0.08 eV level was not formed
in a sample with small gallium conceAtration, the decrease in
carrier concentration with traps full for the sample with higher
gallium concentration can be attfibuted to the formation of
EV + 0.08 eV level. | |

For the case of indium-doped sémple the carrier concentra-
tion of indium~doped sample with tiaps empty inbreased and that
with traps full decreased. The increase in caffier concentra-
tiqn with traps empty indicates the decrease of total donor
density in this stage. The decrease of carrier concentration
with traps full suggests the formation of new donor level. The
same results were observed on aluminum—doped sample with impurity

concentration 1.2 X lO16

atoms/cm3 in stage III. To study the
correlations between annihilation of traps and formation of donoré
in detail, an isothermal annealing in the dark at 250°K was |
'ﬁade on indium-doped sample. The result is shown in Fig. 23.

The ratio of the number of disappeared traps to that of newly
formed donors in this experiment was calculated to be three to
two. This ratio was the same as that obtained for isochronal
annealings of the same stage. Another series of work were made
to>study the §Ctivation energies, kinetics and frequency factors

of the stages I, III and V. The activation energy can be deter-

mined from eqg.(9). The time rate of the change in defect con-
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centration can be expressed by the simple equation

dn
dt

= - F(n)K = - F(n)Ke Ba/kT (i)

where n is the fractional concentration of the defect, F(n) is
any continuous function of-n,.k isythevBoltzmann constant, T is
the absolute temperatufe, t is annealing time and K is the char-
acteristic rate constant, which can be separated ihto a pre-expo-
nential constant K, and an exponential involving the activation
energy of the process, E,- Suppose fhat the isothermal anneal-
ing cﬁrves have been determined experimentally at several tem-
peratures on a set of identical samples, i.e., sampleé contain-

ing the same initial concentration of defects n,. In this case,

eq. (i) is formally integrable to give

_ g dn _  _-E_/KT .
fno oy Ko t e . | (ii)

Different times and temperatures needed to reach the value nj

are therefore related by the eqguation

e"Ea/kT

t = const. . o (9)

Then the value of activation energy Ea can be determined from
the slope of the curve 1ln t vs 1/T. From three isothermal
annealings made at 85°, 100° and 120°K in the dark, the activa-
tion energy fo: stage I was’obtained to be 0.10 eV as shown in
Fig. 24. In order to investigate the stage III of gallium~doped
sample, four isothermal annealings ﬁere made at 230°, 235°, 245°

and 250°K in the dark. Fig. 25 shows the temperature dependence
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of the time for 50% anneal, and from these data the activation
energy was- calculated to be 0.38 eV with traps empty. The
isothermal annealing curves in visible light are shown in Fig.

26. The parameter f£(p) was calculated from the following formula

P, = Py

£lp) = P, - P

x
where P, is the carrier concentratién ét the end of the stage,
< is ﬁhe carrier concentration after annealed for time t and
P, is the carrier concentration before annealing of the stage.
From Fig. 27 the activation energy for the traps full condition
was obtained to be 0.23 eV on gallium-~-doped sample. Similar
experiments were made on indium-doped sample. From five isother-
mal annealings made at 225°, 230°, 235°, 240° and 245°K in the
dark, the activation energy for traps émpty was obtained to be
0.69 eV as shown in Fig. 28. Four isothermal annealings of
indium-doped samples were made at 200°, 205°, 210° and 220°K
in visible light. From these data the activation energy was
found to be 0.15 eV as shown in Fig. 29. Stage III exhibits
markedly different activation energies, depending upon whether
the traps are empty 6r full on gallium-doped or indium-doped
samples.

The resqlts of éallium-doped sample in stage V are shown
in Figs. 30 and’'3l1l. Fig. 30 shows the isothermal annealing

curves at 380°, 385°, 390° and 400°K. Fig. 31 shows the
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temperature dependence of the time;for 50% anneal. The activa-
tion energy for the stage V was calculated to be 1.2 eV for
gallium-doped sample. Similar isothermal annealings‘were made
at 360°, 365°, 370°, 375° and 390°K, for indium-doped samples,
and the activation energy was obtained to be 1.6 eV as shown

in Fig. 32.

Another information can be obtéined from isothermal anneals
as to the nature of the annealing. One of the best clues to
determine the nature of the annealing process is the order of
the annealing reaction. The order 6f the annealing-reaction

is determined from the equation

_dp_ Y

= Kp (10)

where p is the carrier concentrétion, K is a constant and y is
the order of the reaction. For a case in which y is unity, a
plot of log p vs time for isothermal annealing will give a
straight line. For other wvalue of v, a plot of log p vs log
(time) will yield a straight line of slope 1/(l1-y). The orders
of feactions were determined by using eq.(10) for the stages
ITI and V. It was found that the kinetics for the stage III

is 1lst order and that for the stage V is 2nd order. Another
useful clue to determine the model of the annealing is the
analysis of the pre-exponential factors. Using the value of

activation energy and isothermal annealing curves, the frequency

factor v is calculated from the equation



- " E
T = vl exp (3 (11)

where T is‘the relaxation time of anhealing, Ea is the activa-
tion energy, k is the Boltzmann constant and T is the absolute
temperature. The frequency factor for the stage III was calcu~-
lated to be 5 x 104/sec.with traps empty and 4 x lOl/sec with
traps full for géllium—doped sample,'while for indium-doped

sample these values are 1 x lOlz/sec'with traps empty and 3/sec:
| 12

with traps full. The frequency factor in the stage V is 1 x 10
/sec on gallium-doped and 1 X 1018/se¢ on indium-doped sample.
The obtained frequency factors are much different from each
other depending on impurities. These results are shown in
Table 1. The discussion of pre-exponential factors can be

lead to the estimation of numbe&‘of sinks. This will be

discussed later.
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§ 4, Discussions

1) Annealing of Stage I (80°K n 140°K)

This work haé been undertaken to investigate the annealing
behavior of the defects produced by 1l.5MeV electron irradiation
in p~type germanium. In this work, it was revealed that there .
are five annealing stages in the temperature range~80° v 400°K.
Each stage Qill be discussed separatel& below.

The obtained informations about stage I can be summarized
as follows:

(1) The carrier concentration, conductivity and mobility de-
creases in the stage and the decreases enhance the radiation
induced changes. Namely the stage is reverse annealing.

The results are shown in Figs. 3, 4 and 8. The decrease in
carrier concentration and mobility after traps are filled by
illumination suggests that new donor level is formed on anneal-
ing. The decrease in carrier concentration measured after re-
éoéling to 77°K in the dark shown by black dots in the figures
is mainly due to the thermal release of electrons from the traps.
The defect center acting as an effective electron trap should
be multiply charged positive. In the simplest case it is as-
sumed to be double charged positive at thermal equilibrium and
‘single.charged positive‘with traps full. Then the hole concen-

tration p is represented as

Pe = na‘+ N, = Ny = 2N, (traps empty)
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pg =n, + N, - Ny - Ny (traps full)

where n is the initial carrier concentration, NA is thé con-
centration of radiation induced acceptors occupied by electrons,
Ny is the concentratiop of radiation ihduced donors and NT is
the concentration of traps. Type conversion from p-type to n- -
type at the end of this stage is considered to be attributed

to this donor level andithe thermal'reiease of electrons from
the traps. This stage corresponds to the stage labeled as 2P

by Whitehouses)

in his paper. He found that this stage.waé
largely éuppressed if the metastable states (fraps) were emp-
tied by infrared light with hv < Eg’ where Eg was the energy

for the band gap. Upon recooling from 120°K, he also found that
the post-irradiation hole concentraﬁion could be restored by a
short burst of ionizing radiation. ,Thisvbehavior is similar

to that shown in Figs. 3, 4 and 8 where the carrier concentra-
tion was restored upon iilumination by visible light in the
temperature range below 140°K. Whitehouse merely reported that
the activation energy for thekprocess was 0.16eV. 1In the present
investigation it was established that the phenomenon should be
attributed to the thermal release of electrons from traps. The
position of the trapping level responsible for the phénomenon
was found to be Ec - 0.16eV as shown in Fig. 14 which was drawn

in the heatiné experiments. The depth of the trapping level

coincides to the value of the activation energy reported by
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Whitehouse.

(2) The defect which anneals in the stage I is more stable when
it captures an electrgn. |

In order to study the‘effects of charge states on the annealing
processes, the annealing in yisible'light and the annealing in
the dark were made. In the study, it was revealed that the
defect which anneals in this stage is more stable when it cap-
tures an electron. The results are shown in Figs. 5 and 9.
Similar phenomenon has been reported on n-—-type germanium.Bs)
Ishino and Mitchell reported that the defects which captured
electrons remained stable until 65°K; while without electrons,
they were annealed out at 30°K. This annealing stage at 65°K
has been consideréd to be the recombination of vacancy-inter-

7? 31) Here, it is to be noted that the

stitial;close pairs.
65°K sﬁége in n-type is normal recovery, but the stage I in
p-type material is reverse annealing. Hence, the annealing
mechanism of the stage I in p-type material need not necessarily
bé the same as that of the 65°K stage in n-type material.

(3) The change in electrical properties in this stage is larger
for indiﬁm—doped sample than for gallium-doped. To study the
effect of impurities on annealing, isochronal annealings of
gallium-doped sample and indium-doped one were made after they
wefe exposed to exactly the same dose. Impurity concentration

14

of the gallium-~-doped sample was 1.7 X% 10 atoms/cm3 and that

14

of the indium-doped one was 6.0 x 10 atoms/cm3. On comparing
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the annealing curves of carrier concentration, it is easily
understood -that gallium~doped sample'showed reﬁerse annealing
to 140% as represented by the fraction unanneaied defined in
section 3-1), while indiﬁm-doped went up to about 220%. These
results are shown in Fig. 11. Now:-the question arises what

is the cause of the difference in the amount of reverse anneal-
ing of these specimens. The amount of;reverse annealing for
gallium-doped sample is independent of impurity concentration
over a range of 3 X lO13 N5 X 1015 atoms/cm3 as shown in Fig.
12. Hence, the difference in impurity concentration between
gallium- and indium-doped samples cannot be the cause. Accord-
ingly the difference should be attributed to some difference

in character of géllium and indium atoms. Hirata et al.67)
studied the annealing of electron irradiated silicon and the
difference in annealing behavior was analyzed in terms of im-
purity atom size. The covalent radius of the gallium atom is
1.263, that of indium atom is 1.443 whereas that of germanium
aﬁom is_l.22£. Here, it is worth while to refer to the work
of Whan.ll) She irradiated an oxygen-doped germanium with elect-
rons of éMeV at 25°K and found that some association containing
vacancy is formed at 60° ~ 70°K. The association was .transformed
into germanium A-center (vacancy-oxygen complex) at 80° ~ 150°K.
The temperature range resembles to that of the stage I of this

paper. If the temperature range is that of vacancy migration

in germanium, it is reasonable to take vacancy migration into
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account on discussing models.

It is very interesting to note that the indium-doped sample
whose dopant has larger atom size than gallium shows larger
fractional anneal in stage I. Formation of E-center like (va-
cancy-impurity) association has larger possibility to account
for the observed phenomena. It is understandable that the as-
sociation of large impurity atom and a vacancy is favoured from
the standpoint of release of lattice strain.

(4) The activation energy of the stage I was found to be 0.leV
on gallium-doped samples.

Now, a tentative model for the stage I can be proposed.
The defect which migrates in the stage I can be assumed to be
vacancy+. The Vac. migrates-in the stage I and makes associ-
ation with impurity(substitutional) resulting in an associa-
tion ([vVac. - Imp.(Sub.)}+. This process is expressed in the

following formula.

VacT + Imp. (Sub.) > [Vac. °* Imp.(Sub.)]+ + e

If tﬁis model is adopted, the acceptor (Imp.(Sub.) ) loses its
ability and this causes intrinsic reverse annealing in this
stage. This explains the information (1). The information (2)
can be understood by considering Coulomb interaction. When
the spécimen.is illuminated by visible light, the vacancy with
single positive charge will lose its charge, and the Coulomb

interaction between the vacancy and ionized acceptor no more



exists.

From .the standpoint of release of lattice strain, the
vacancy will prefer to make association with impurity atom
of larger size, and this”corresﬁonas to the informationf(3).
Thus, this model is ébnsistent withhthe informations (1), (2),
(3) and (4).

In stage II (150°K to 170°K) the total donor density
decreased and the trapping level at E_ - O.lGeV bagan to
annihilate as shown in Fig. 15. Whén annealing was made with
traps-full, this stage occurred at much lower temperature.

A model of the defect associated‘with this annealing stage is

not yet known.

2) An@ealing of Stage III (220°K N 270°K)

Tﬁe annealing of this stage debends on the type of dopant
and impurity concentration. Obtained informations on the stage
I;;/are summarized as follows:
él) The\amount of this stage is dependent on impurity concentra-
tion.

The gallium-doped sample with impurity concentration 5 x 1013
atoms/cm3 did not show this stage remarkably, and a donor level
at Ev + 0.08eV was not formed in this sample. This result in- -
dicates that the Ev + 0.08eV level is associated with a complex

defect that contains gallium atom.

(2) For the case of gallium—-doped sémple, the trapping level at
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EV + 0.16eV annihilated and a donor level at EV + 0.08eV was
formed in stage III. For indium-~doped sample, the trapping
level at Ec - 0.10eV was annealed in this stage.

As shown in Figs. 7 and 16, the'frap that annihilates in.this
stage is located at Ev + 0.16eV and the donor level at EV +
0.08eVv is’formed on gallium~doped sample. Neither the EV +
0.08eV level nor the decrease of carrier concentration with
traps full was observed for samples with small impurity con-
centration. This result indicates that the decrease of carrier
concentration with traps full is caused by the formation of

the EV + 0.08eV level. But the carrier concentration with traps
empty did not change. 1In other words the total donor density
does not change in this stage. This behavior can be explained
as foilows; The trap which is located at EV + 0.16eV and dis-
appears in this stage was transformed into a donor located at
E, + 0.08eV. This donor does not exhibit strong trapping prop-
erties. On indium-doped sample, the carrier concentration with
-tfaps empty increased and that with traps full decreased to
coincide with each other. The increase of carrier concentra-
tion with traps empty shows the decrease of the total donor
density in this stage and the decrease of carrier concentra-
tion with traps full indicates the generation of donor level.
For the case ?f indium~-doped sample, the Ec - 0.10eV trapping
levei annihilates and a new donor level was formed in this

stage. But the position of this donor level could not be



determined.

(3) The defect which anneals in this stage is more unstéble
when it captures an electron.

Stage III could not be obsexrved by annealing to 210°K in the
dérk, but it was observed at 190°K in the annealing under il-
lumination with Visible light as shown in Figs. 6 and 10. It
can be concluded that the defect associated with the stage III.
is more easily annealed when it captures an electron.

(4) The activation energy for the stage III is 0.38eV with
traps empty and 0.23eV with traps full on gallium~doped sample
and 0.69eV with traps empty and 0.l15eV with traps full on in-
dium-doped sample.

These results are shown in Figs. 25 N 32 and Tablé.l. From
the equation (11), the frequency factor was calculated to be

5 x 104/sec for traps empty and 4 x 1C/sec for traps full on
the gallium-doped sample. On indium-~doped sample the values
are 1 x lOlz/sec for traps empty and 3/sec for traps full.

:The annealing kinetics was found to be first order for both
impurities.

Considering from these observations, a tentative model
for the defect which is annealed in this stage can be proposed.
The requirements for the model are; (a) The defect which is
annealed in Fhe stage must be associated with impurity atom.
(b) It is transformed into a donor‘which does not exhibit trap-

ping action. (c) It becomes unstable when it captures electron.
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and (d) Annealing kinetics is first order. Most likely defect
which accounts for the trapping property is V<:->.cancy++ or in-
terstitial impurity++, The existance of impurity(Int.)++ is
expected by an analogy with defect behaviors observed on alu-

4) 29) If the

minum-doped silicon2 ‘and copper-doped germanium.
trap is the vac.* in gallium~doped or indium-~doped sample,

the position of the trapping level and.the value of the acti-
Qation enerqgy should nearly be the same. But the information
(2) and (4) show that the value depends on the dopant impurity.
0)

Truebloodl suggested in his electron spin resonance study
that the structure of this trapping center is simple. Judging
from these considerations, it is deduced that the most probable
model for the trapping center is interstitial impurity with
double plus charge. If this is the case, what is the sink of
the annealing? For first order decomposition, the eq.(10) can
be written as

dn | .
ECRR (i)

s N

A exp (-Kt) (ii)

where n is the number of defects that anneal in the stage and

A is a constant. %% can be written as

E_-ST

dt N, KT

) .« (iii)

Z NS Vo exp (-

From egs. (i) and (iii),



n Ea—ST

Kn = —Ng Z Ns Vo exp (- ——ET——) . (iv)
From eq.(ii), the relaxation time T is represented as
T=1/K .

Then the eq.(iv) can be rewritten in the next form
1 Ea—ST
l/'i.' = "'"N:';" Z NS \)O exp(-— —-ﬁ——) .

The equation can be deformed into the following by using eq.

(11) :

-1 _ Ke S
Vob. T TN, v xRty (12)

Average number of jumps to reach the sink is

_ s (D '
Nj = v / Vob exp ( n ) . . (13)

where Vob is the observed frequency factor, No is the number

of germanium atoms pexr unit volume, Z is the number of nearest
neighbor sites, NS is the number of sinks, Vo is the attack
frequency which is comparable to atomic vibrational frequencies,
S is the entropy of activation and Nj is the average number of
jumps to reach the sink. There are two unknown factor in eq.
(12) . They are the number of sinks NS and the entropy S. The
activation energy and the frequency factor showed larger values
for indium—dgped specimen than for gallium-doped. This means
that the crystals doped with larger covalent radius atoms showed

larger value of activation energy and frequency factor than
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these doped with smaller sized atoms. This tendency is simi-

lar to that observed in the annealing of silicon E-center.67) 68)

Hirata et al.69) showed that the annealings of E-center in
silicon are dependené on impurity size and theyentropy of acti-
vation increases in proportion to the covalent radius of the
impurity atom. The entropy factor.Was experimentally zero for
the phosphorous impurity which has almost the same atom size
as silicon.

The covalent radius of gallium atom (l.26£) is not much
different from that of germanium atom (1.22%). Accordingly,
when the interaction of the defect and impurity atom is as-
sumed, the entropy factor is considered to be small enough.
Thus entropy for gallium-doped specimen is assumed to be zero.

13

Using the values Vob = 5 x 104/sec, Z =4, v =1 x 1077 /sec,

o
N, = 4.5 x 1022 atoms/cm3 and S = 0 eV/deg, the number of
sinks was calculated with eq.(12). This leads to the number
of sinks of about 1 x 1014/cm3. The average number of jumps
required to reach the sinks is 2 «x 108. The activation ener-
gy ©i.. gallium-doped sample with impurity concentration 2 x
1015 atoms/cm3 was the same as that for the impurity concen-
tration of 2 x lOl4atoms/cm3. This indicates that the activa-
tion energy is not dependent on impurity concentration. But,
the frequency factor is dependent on impurity concentration as
discussed below. The observed frequency factor of the sample
that contains 2 x 1015 impurity atoms/cm3 was l.3 X 105/sec.
In this case, the concentration of sinks was calculated to be

1 x lOls/cm3. The concentration of sinks for the crystal with



3

2 x 10 impurity atoms/cm3 was calculated to be 1014/cm . If

this is the case, the concentration of sinks is of the same
order as that of gallium atoms in the crystal. Now a tentative
annealing model for the stage III can be proposed. The defect
which migrates in thi§ stage is interstitial impurity atom which
double plus charge. The gall:’u.'lm(:'Lnterstit:'Lal)++ makes associa-
tion with gallium(substiéutional)— resulting in an association
(gallium(Int.) - gallium(Sub.)]1’". If this model is adopted;
the information (1) can be understood easily. Experimental
resuits indicate that the complex cannot be a trapping center
any more, but ié supposed to be a double donor, because the
carrier concentration with traps empty does not change appre-
ciably during stage III. One of the level of this dbuble donor
is considered to be at E, + 0.08eV. The results (3) and (4)
suggest that the migration energy of the gallium(Int.)++ is
larger than that of gallium(lnt.)+. For indium-doped sample,
+he difference between the activation energies with traps empty‘
and full is too large to be reasonably understood as the effect:
caused by the change in Coulcmb interaction between the two
components of the complex. The difference in activation energy
for different charge states was observed for the migration of

24) and the interstitial atom in n-type ger-

ncy in silicon
manium. In n-type germanium, Zizine observed that the mi-

gration energy of the neutral interstitial was 0.15eV while



that of a positive interstitial was‘0.04eV. The proposed model
for the stage III has been thought olt on the basis of knowl-
edges on silicon and the main flow with this modél is that it
requires interstitial gallium ﬁo‘moye in the'raﬁge 220°k to
270°K, whereas interstitial galliuﬁ”atom in silicon moves near

470°K.24)

Existence of a shift in annealing temperatures for
germanium and silicon was observed on the annéaling of A-center.
The A-center begins to anneal at 260°K in germanium and at 470°K*

in silicon.7l)‘

Hence the difference in temperatures for the
migration of gallium atom in germanium and silicon is considered

not to be a decisive negative factor of the model.

.

-On indium—dopéd sample, the same model tﬁat‘the indium(in-
terstitial) "t migrates and makes . a complex with iﬂdium(substiF‘
tutional) 1is proposed for the annealing of the stage III.

From the analogy withvgallium—dopedvsample, the concentration
of sinks is considered to be of the same order as thatuof in-
dium atoms in the crystai. The value of the entropy was:calcu—
lated to be 1.2 x 10_3eV/deg for indium-doped sample. The fact
that‘;he stage III has the first order kinetics is understand-
ablé because the concentration of the sinks is‘mﬁch_greater

than that of migrating interstitial impurity atom.

3) Annealing, of Stage V (380°K n _ )
The characteristics of the staée V are as follows :

(1) The carrier concentration and conductivity restore their
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preirradiation values in this stage.:
(2)'The activation energy for the annealing'wés found to be
1.2eV for gallium~doped sample and 1J6eV for,indium—dopedvsample.
Frequency factdrs obtained are 1 X‘lolz/séc for géiliudeoped
and 1 X 1018/sec for indium—dopéd.‘lThe aﬁnealing kine£ics'wés a
roughly second order for both impurities.'

This stage was also.studied bkarown é£;a1;3’

and Higashi-
70) |

nakagawa et al. . The activation Epergy obtaiﬁed by Higashi-
nakagaWé for gallium-doped sample wasr1.4eV‘éndvthis values is
fairy in good agreement with that obfained in this’study.‘ The
frequency‘factors they observed are 8 x 1014/sec} and this is
larger than that in this paper by two érders of magnitude, But
the relaxation times T at 400°K in eq. (11) are‘8w¥ iOzbsec for
both cases. Aécordingly the diffefence between the fréquency
factors can be attributed to the difference»in activation energy.
For indium-doped sample, the activation'energy'obtained
was 1.6eV while that obtained by Brown et él. was 2.leV and
tﬁat by Higashinakagawa et al. was 1.0eV. Brown et al. made
the experiment by uSing.the.sample‘with impurity concentration

15

1.5'x 10 atoms/cm3 and irradiated it at 80°K with 1.0MeV

electrons. Higashinakagawa et al. used the sample containing

14 60

7 x 10 impurity atoms/cm3 and irradiated it with Co™" y-ray

at 293°K. The cause of the scattered values has not yet been

clarified whether it comes fromlthe«ﬂifference in-carrier con-.

i

| Lo )
centration on the difference in irradiation temperature. No
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difference was observed in activation energies of the samples

13 a;oms/cm3; 2 % 1014 atoms

with gallium concentrations 5 X 10

15

/cm3 and 2 * 10 atoms/cm3. Theﬁdependency‘of activation

energy and frequency factor on impurity atom size shows similai

69) Thg cause ofvthe

tendency as that in the case of silicon.
large frequency factor 1 X 1018/sec'for indium—dopgd.sample
can be explained as follows : The crowding of the,latfice by
the oversized atom could be relievedfbi the:thérmal‘expansion :

of the lattice. The activation energy Eo,is repfesented as

E = E_ - ST (14)

where Ea is the observed activation energy, S is the entropy
of activation and T is the absolute temperature. The eq.(11l)
can be written as
1 E, + ST
T =V exp(——E,-I‘———.—)

: E
- » 0
vy© exp(—g)

v exp( - ) as

Vi

where T is the relaxation time of annealing, v is the observed
frequency factor, vliis‘thé.attack frequency and k is the
Boltzmann constant. If the entropy S is. larger for the larger

sized impurity atom, the entropy for indium-doped sample will

be large. The entropy S is calculafed with the equation
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2 .
Z VvV p E_-ST
dp  _ 0 _ a
ac " N_ exp (- —g7) (16)

where Z is the number of nearest neighbor sites, p is the defect
concentration and N, is the numbervof,germanium atoms per cm3.
The value of the entropy for gallium-doped germdnium is 1.6 x

-3 3

10 eV/deg and that for indiumfdoped germanium isx2.5-¥ 10~

eV/deg. Since the valuewofwthe.entrOPY-iS‘COHSiderablY largeli
large value of the observed frequenCy factor 1 x 1018/sec for-
indium-doped_sample is not too surpfising{ Thé value of Vl.
for indium-doped sample is 1 x 106/sec and that for gallium-

aoped sample is 1 x 104/sec. Since the énneaiing kinetics is

second order, the annealing process should be either
A+ A=2A or A+B=A"-B

where A and B are defects that anneal in this stage. The iso-.
thermal annealing curves were carefully examined and the depend-
ency of the annealing kinetics on each specimens was revealed.
The annealing did not exactly oﬁey the second order kinetics for
all samples. This result indicates that the annealing kinetics
depends on the impurity concentration or the total dose of
irradiation. If this is the case, the anhealing process will

be the association of diffeient defects, namely A + B. Since

a single vacancy_and a single"interstitialvatom.in germanium

migrate at temperatures far below this stage, this anneal-
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ing stage is presumably due to the breakup of the remaining
radiation defects.

Considering from the results (1}, (2) and the discussions
on the entropy and kinetics, there is a large possibility that
the dissociation of the [impurity(substitutional) -vacancy]
complex is occuring and the vacancy annihilates at the [impu-

rity(Int.) *impurity(Sub.)] complexes.
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§ 5. Conclusion

Isochfonal and isothermal annealings of irradiated germa-
nium singlé crystals containing gallium or indium were studied
in the temperature range 80° n 400°K. Five annealing stages 
for gallium—dobed crystél and four annealing stages for indium-
doped one were observed.

The stage I was observed in a temperature range 80°K to
140°K. The defect which anneals in the stage was found to be
more stable when it captqred an electron. The amount of change
in carrier concentration by this stage was larger for indium-
doped sample than for galiium~doped. Judging from these obser-
vations together with other resuits, the following model for
the stage was deduced : .The defect which migrates in the stage
is VacT. The Vécf migrates and makes association with Imp.(Sub.)_
resulting in an association [Vac. - Imp;(Sub.)]+. The activa-
£ion energy for the process was found to be 0.leV. This activa-
tion energy is regarded to be that of the migration of vacancies.

‘The annealing behavior of the stage III which occurs in
the ranée 220°K ~ 270°K is strongly dependent on the type and
concentration of the dopants. 1In this stage all of the radia-
tion induced traps were destroyed. The position of the twov
trapping levels was determihed. Fof the case of gallium-doped |
crystal the shallow trap is located at E, - 0.16eV and the deebl

trap is located at E, * 0.16eV. The shallow trap disappeared

- 55 =



after isochronal anneal to 210°K. The deep trap at EV + 0.1l6eV
was destroyed and a donor level at Ev + 0.08eV was formed by
the end of the stage. The defect which annealed in the stage
III was more stable when it captured an electron. The activa-
tion energy for the stage was found to be 0.38eV with traps
empty and 0.23eV with traps full. For the case of indium-doped
sample the shallow trapping level at Ec - 0.10eV was destroyed
in the stage. The activation energy was found to be 0.6%eV
with traps empty and 0.15eV with traps full. The samples con-
taining the dopant with larger atom size showed larger values
of activation energy and frequency factor than those containing
smaller sized dopant. Considering from the experimental evi-
dences, it was concluded that the defect which anneals in the
stage is an interstitial impurity atom with double plus chaxrge
acting as a trapping center. The sink for the migrating inter-
stitial impurity atom was concluded to be substitutional impu-
rity atom with single negative charge.

| In stage V which occured above 380°K, both the carrier
concentration and mobility restored their preirradiation values.
The activation energy was found to be 1l.2eV for gallium-doped
samples and 1l.6eV for indium-doped. The large frequency factor
of the order of lOlg/sec for indium-doped sample.is not too sur-

prising when it is discussed together with the entropy factor.
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Fig. 26. Isothermal annealiﬁgs of four gallium-doped specimens in visible light.
The recovery was determined from carrier concentration measurements.
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"Ga—doped ~ In-doped
t I B v | . ‘ 111 | ;
| | ‘ . Y
Stage traps emply] traps full ¥ traps empty| traps full
Act.Energy| .38 | 0.23 | 1.2 0.69 | 0.15 | 1.6
(eV) —
Kinetics st | 1< <2| 2nd | Ist | 1< <2 | 2nd
Freq.Factor| 5 1% 4510 | 102 0% ] 3 | 10
(1/sec.) |

Table 1. Activation energies, kinetics and frequency factors for gallium-doped
and indium-doped specimens.




