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Defect concentrations introduced into lightly doped n-type germanium by 1.0-MeV electrons at 7'K
have been monitored by measuring the hot carrier conductivity at 4.2'K during a 0.66-psec pulsed
electric field of 100 V/cm and 1-sec duty cycle. Approximately 85% of the damage produced at 7'K
recovers in a thermal-annealing stage at 65 K. Isochronal- and pulse-isotheamd-annealing experiments,
performed simultaneously on pairs of samples doped with approximately equal concentrations of
different group-V impurities, show that the 65'K annealing rate is dependent on the type of impurity.
Radiation annealing was also studied by irradiating pairs of samples, damaged previously at 1.0 MeV,
with low-energy electrons which produce little additional damage. The defects which therm~&&y anneal
at 65'K, radiation anneal at 7'K with an annealing rate which is dependent on the type of group-V
impurity dopant. This experiment suggests that one of the defects involved in these annealing processes
is free to migrate over large distances near hquid-hehum temperature. A model for the 65'K stage is
proposed in which the annealing is initiated by the breakup of an interstitial group-V impurity complex
which was formed during 1.0-MeV irradiation. The interstitial is treated as a freely migrating particle
which, when &ecd from the complex, can either migrate to a vacancy or be retrapped at an
unoccupied impurity depending upon the relative charge states of these defects. Prom this model, it is
possible to calculate the annealing rate of the 65 K stage, the 7'K-radiation-annealing rate, and the
optical-annealing rates for optically stimulated annealing of the 65'K defects at 4.2'K during excitation
with less-than-band-gap filtered light and at 30'K during excitation with monochromatic light of energy
greater than the band gap. This model also predicts an interstitial migration energy of 0.005 eV as well

as a temperature4ependent radiation-annealing rate in the 5-15 'K temperature range in good agreement
with recent data obtained by Hyatt and Koehler.

I. INTRODUCTION

Electrical measurements on n-type germanium
irradiated with 1.0-MeV electrons near liquid-
helium temperature indicate that acceptor levels
are introduced below the Fermi level. ' ' A ther-
mal-annealing stage centered at 65 'K is the first
recovery in conductivity to be observed in lightly
irradiated samples, however, heavily irradiated
degenerate material also exhibits recovery at 35
and 50'K at the expense of recovery in the 65 'K
stage. In lightly doped material (n~=lO cm ),
the 65 K stage is the only annealing to be ob-
served below liquid-nitrogen temperatures, the
recovery in this stage being as high as 95% for
0. 7-MeV irradiations. The 65 K annealing is ac-
companied by a stored-energy release of about 5

eV per defect recovered. " Previous models for
this annealing have assumed that vacancies and in-
terstitials recombine during this stage in order to
explain this large energy release. ' " These mod-
els have been reviewed by. MacKay and Klontz. "
Beyond this, agreement as to the nature of the
65 'K annealing stage diverges. '

MacKay and Klontz have suggested that close
pairs of vacancies and interstitials recombine at
65 K. ' This model implies that the annealing
kinetics for this stage should be first order. This
is supported by Callcott's observation that samples
doped with 10' and 10 Sb/cm both anneal in the
same temperature range during similar isochronal

anneals. If the annealing kinetics are described
by a simple rate equation of the form

dN—= —K(T)N",

where N is the number of defects remaining, n is
an integer defining the order of the reaction, and

K(T) is the temperature-dependent rate constant,
then the fraction of defects remaining after a fixed
annealing time can be independent of the initial
defect concentration only if e= 1, i.e. , first-order
kinetics.

Annealing has also been observed near liquid-
helium temperature during low-energy electron
irradiation or during less than band gap energy
optical stimulation. The fraction of defects re-
covered in these experiments near liquid-helium
temperature is at the expense of the fractional re-
covery at 65 'K, the sum of the fractions recovered
being a constant. The conclusion to be drawn is
that annihilation. , which is thermally activated at
65'K, can be made to occur at less than 10'K if
the defects can be externally forced into charge
states which favor defect recombination. If long-
range defect migration near liquid-helium tempera-
ture is assumed not to occur, then a close-pair
model, including a recombination probability which
is charge-state dependent, seems to be the only



43'74 M. MEESE

may to explain these liquid-helium annealing experi-
ments.

Zizine~'6 has reported, however, that the anneal-
ing kinetics of the 65 'K stage are not consistent
with a close-pair model. He observed that the
fraction of defects annealed at 66'K is proportional
to f' '~ for long annealing times where t is the an-
nealing time at this temperature. He has proposed
that diffusion-controlled recombination of corre-
lated vacancy-interstitial pairs occurs in this stage.
He gives no explanation for the radiation annealing
or optical annealing of these same defects at less
than 10'K with this model.

It is instructive to compare these tmo models
with the more direct information, obtained from
EPR and optical measurements, on irradiation de-
fects in silicon. Although at least a dozen different
defect structures have been identified, along with
partial identification of a similar number, no va-
cancy-interstitial pairs or isolated silicon intersti-
tials have been observed. ' These experiments do
not disprove the existence of these defects in ger-
manium; however, it is perhaps more reasonable
to construct models for the annealing stages in

.germanium in terms of defects which are known to
exist in similar materials. Watkins has proposed
that the silicon interstitial can migrate over large
lattice distances at Less than 10 K in order to ex-
plain his observation from EPR data that silicon
vacancies and aluminum interstitials are produced
in equal concentrations during liquid-helium elec-
tron irradiations. Since direct displacement of
aluminum interstitials is very unlikely, he proposed
that silicon interstitials migrate to impurity sites
and displace substitutional aluminum atoms thereby
producing the observed concentration of aluminum
interstitials.

Vook has proposed that the 65 'K annealing stage
in Ge might be explained by impurity trapping and
that Ge interstitials can perhaps interact with im-
purities at temperatures as lom as 4 'K. ' MacKay
and Klontz' have suggested that the concentration
dependence in the 65 'K annealing observed by
Zizine' could be the result of a difference in tyje
of impurity used to dope his samples.

Koehler and McKeighen have made a direct at-
tempt to measure the silicon-interstitial migration
energy at 1.6 'K. " They conclude that this energy
is less than 0. 002 eV in silicon. They have pro-
posed that the silicon interstitial migrates ather-
mally during irradiation. Bourgoin and Corbett
have proposed a mechanism for athermal intersti-
tial migration in tetrahedral group-IV semicon-
ductors which is based upon the idea that the inter-
stitial equilibrium position depends on the charge
state of the interstitial.

A recent theoretical calculation of the interstitial
equilibrium position dependence on charge state for

the carbon interstitial in diamond lends support to
the Bourgoin mechanism. Hyatt and Koehler have
measured an activation energy of 0. 0044 eV asso-
ciated with radiation annealing of the 65 'K defects
in n-type Ge near liquid-helium temperatures. It
is difficult to explain the source of this activation
energy without invoking a freely migrating inter-
stitial model.

In See. III me will present experimental data
which suggest that germanium interstitials are in-
teracting with impurities at near liquid-helium
temperatures. Although some of these data have
been presented previously, ' Figs. 4, 7, and 9 are
presented again in this paper for completeness.
We have previously found that the 65'K annealing
rate and also the 7'K radiation annealing rate are
both dependent on the type of group-V doping im-
purity. ' These experiments indicated that a de-
parture from vacancy-interstitial pair models mas
an appropriate step to take in explaining radiation
effects in germanium. A qualitative discussion of
the reasons for this nem model are found in Ref.
12. In Sec. IV, an approximate mathematical
model for the 65 K annealing stage will be pre-
sented for the first time based on this point of view.
The charge states of the interstitial, the vacancy
and the group-V impurity are explicitly taken into
account. The frequency factor for the thermal an-
nealing at 65 'K is calculated using this model. In
Sec. V, using the mathematical model presented in
Sec. IV, the annealing rate constants for radiation
annealing and optical annealing at less than 10'K
and the optical annealing at 30'K are also calcu-
lated and compared with experiment for the first
time. With this model, most of the observed an-
nealing data for lightly doped n-type germanium
can be explained quantitatively.

II. EXPERIMENTAL PROCEDURE

The experiments to be described were performed
on uncompensated Sb-doped, P-doped, and As-
doped germanium samples. Exhaustion-range car-
rier concentrations were within 1.5X10 cm to
5. 5X10 em for all the samples. The carrier
concentrations, obtained from de Hall-effect mea-
surements at 77 K are listed in Table I. Samples
mere sliced from x-ray orientated sing1e crystals.
The largest face, a (110)plane, was the surface
irradiated in all eases. Samples were ground and
then etched in CP4 solution to a final thickness of
0. 1 mm. Samples mere then mounted in the same
metal eryostat in which the irradiations were
made. The design of this exchange-gas eryostat is
described elsewhere. ' The dc conductivity and
Hall coefficient mere again measured at 77 K.
Sample temperatures were measured with a 8-W
470-0 carbon resistor.
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TABLZ I. Samples used in annealing experiments.

Experiment

2a

3

4bec

Sample

Ge(As) -14QA-1
Ge(Sb) -26&A-1
Ge(As) -353A-2
Ge(sb)-263A-1
Ge(As) -453A-3
Ge(sb) -441A-1
Ge(As) -453A-2

Ge(P) -440A-0

77 'K carrier concentration
before irradiation (e /cm )

1.58 x 1014

3.33x 1014

4 ~ 65x 1014

3 33x1014
5 52x 1014

4.98 x 1014

4.65 x 1014

2. 32x10"

Irradiated and annealed in separate experiments (all
other experiments done on pairs of samples).

Sample positions reversed in cryostat from previous
experiment.

'Radiation annealing and pulse isothermal annealing on
this pair of samples.

Irradiations were made using a 1.0-MeV Van de

Graaff electron accelerator. The electron beam
was scanned in both vertical and horizontal direc-

,tions before entering the cryostat sample chamber
through a 0. 001-in. Al window on the exchange-gas
can. Irradiations were made in all cases with sam-
ple temperatures below 10 'K. Irradiation and an-
nealing experiments were always made with the
samples in a dark environment. This is necessary
because the 65 K annealing stage can be optically
annealed at much lower temperatures. 6'7'2 An

analyzing magnet defined the electron-beam energy
to an accuracy of +3%. The irradiation rates used
were less than 6 X 10" e /cm' sec (0. 1 pA/cm').
Beam current was monitored continuously during
irradiation by collecting the beam electrons on a
scattering shield in the exchange-gas can and on a
Faraday cup on the nitrogen shield. Fluences
were measured to an accuracy of +10%.

Pulse conductivity was used to monitor the dam-
age introduced by irradiation. This hot-carrier
measurement has been described in detail by Cal-
cott. We give here only a brief description of the
technique. Voltage pulses were obtained by dis-
charging a length of coaxial cable through a mer-
cury-wetted reed relay into a matched load. The
pulse length was 0. 66 p, sec with a pulse rate of 1

pulse per sec. Sample current was along the (110)
direction. Pulse conductivity was measured as a
function of applied electric field by observing the
voltage pulses at two voltage probes on the sample;
pulsed sample current was determined by the volt-
age drop across a standard resistor in series with

the sample. These pulse voltages were measured
with a type 545 Tektronix oscilloscope and a type-
W preamplifier. Voltage pulse heights from 10 to
300 V could be measured to a relative accuracy of
0. 5'%%uo.

During a 0.66- p. sec pulse at 100 V/cm the lattice
temperature rise is no more than 5 'K while the
electron "temperature" is well above that required
for complete ionization of the donor impurities.

Callcott has shown that for electric fields great-
er than 70 V/cm, the effects of charged impurity
scattering become negligible. In this case

so/a, = an/n„

where 4o/oo is the relative change in conductivity
at an electric field of 100 V/cm and 4n/na is the
relative change in the carrier concentration due to
irradiation. Callcott has also shown that the defect
which anneals at 65 K is a double acceptor, i.e. ,
each defect removes two electrons from the conduc-
tion process. Therefore, by measuring the change
in conductivity at a constant field of 100 V/cm, we
have a parameter 4o, which is proportional to the
number of double acceptor defects.

Since an impurity dependence in the annealing
rates for samples doped with different types of
impurities has been observed, it was important to
check that the impurity effects are not a charac-
teristic of the hot-carrier measurement. This
was done by noting that b,o/oo approached a constant
value at the same electric field in samples doped
with different types of dopant. In all experiments
to be described in Sec. III, conductivity was always
measured at 100 V/cm. Conductivities measured
at this field are analogous to dc conductivity mea-
surements in the exhaustion temperature range and
are therefore independent of the effects of carrier
freezeout.

III. EXPERIMENTAL RESULTS

A. Isochronal annealing

A preliminary set of isochronal annealing experi-
ments were performed to search for an impurity
dependence in the 65 'K annealing rate. Defects
were introduced into pairs of samples, each sample
being doped with a different type of group-V impu-
rity but in equal concentrations, by irradiating with
1.0-MeV electrons. The sample temperature was
less than 10'K during irradiation. After irradia-
tion, samples were heated to 15 'K in order to fill
all the double acceptor defects with electrons.
This is necessary because a nonequilibrium elec-
tron distribution can exist at 4. 2 'K immediately
after irradiation. '

The pulse conductivity of the samples, with all
the double acceptors fully occupied, was measured
at 4. 2 'K in order to monitor the bombardment
damage. Samples were irradiated until a 20-30%%uo

decrease in conductivity at 100 V/cm was obtained.
The temperature of the samples was then raised to
the annealing temperature for 700 sec and returned
to 4. 2 K for a conductivity measurement. This
was repeated at approximately 3' temperature in-
tervals until the conductivity failed to recover
further.
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C. Radiation annealingI.O

The defects which thermally anneal in the 65'K
stage can be annealed near liquid-helium tempera-
ture by irradiation with electrons whose energy is
below the germanium atom displacement threshold.
This radiation annealing has been observed in near-
ly degenerate samples and in nondegenerate sam-
ples. ' We have observed that this radiation an-
nealing at less than 10'K is dependent on the type
of impurity dopant.

Samples Ge(As}-453A-3 and Ge(Sb}-441A-1 were
damaged with 1.0-MeV electrons until the conduc-
tivity at 100 V/cm decreased 29%%uo. The pair of
samples was then irradiated with 500-keV elec-
trons. The samples's temperatures were observed
to rise to approximately 7 'K during this irradia-
tion. The beam intensity (flux} was 1.25X10"
e cm sec '. Figure 7 shows the recovery versus
fluence (integrated flux). The As-doped sample
recovers more rapidly than the Sb-doped sample.
We observed almost no impurity dependence when
the samples were radiation annealed at higher
levels of ionization obtained by increasing the beam
intensity or lowering the irradiation energy. This
behavior is completely analogous to the thermal
annealing behavior near 65 'K where the higher
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FIG. 2. Pulse isothermal anneals for Sb-doped ger-
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agreement with the results reported by Zizine for
more heavily doped samples. ' This is illustrated
in Figs. 5 and 6 for the Sb-doped sample where
1/f is plotted versus the annealing time. The
fraction of defects not annealed f is defined by Eq.
(2). The results are similar for the As-doped
sample. From Figs. 5 and 6, it is apparent that

f=(Kt+ 1) (3)

where K is the effective rate constant and has units
of reciprocal time. By plotting lnK vs T ', where
T is the annealing temperature, we find that

0 (4)
o 564K

where E, is the activation energy associated with

the longer annealing times, k is Boltzman's con-
stant, and Ko is the effective frequency factor. We
find that the activation energies and effective fre-
quency factors associated with the t annealing
kinetics are the same for both samples to within
experimental error, i.e. , E,= 0. 15 + 0. 01 eV and
Ko=(3+2)x10'0 sec '. This result agrees with our
conclusion that the type of impurity is not affecting
the annealing rate at the longer annealing times.

58 Ko~o
o 60OK

I

I.O
xl04

FIG. 3. Pulse isothermal anneals for As-doped ger-
manium in the temperature range 50-62 K.
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FIG. 6. Plot of the re-
ciprocal of the square of
the fraction of defects
remaining vs time for Sb-
doped Ge in the tempera-
ture range 50-58'K. Data
are taken from Fig. 2.
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FIG. 7. Impurity dependence of the radiation anneal-
ing of 65 'K defects at 7 'K using a 500-keV electron beam
of intensity l. 25 x10 e cm sec . Both samples were
damaged and then annealed simultaneously. Data are
taken from Ref. 12.

the group-V impurities. We propose that intersti-
tial-group-V impurity complexes are formed during'
irradiation. Assuming that most of these intersti-
tials are neutral during irradiation, because of the
large numbers of electron-hole pairs generated by
the electron beam, then the capture cross section
for neutral interstitials at the impurity sites must
be much larger than the cross section for annihila-
tion of neutral interstitials at vacancy sites. We
therefore expect the concentration of complexes
formed during irradiation to be equal to the concen-
tration of vacancies.

Radiation annealing and optical annealing experi-
ments indicate that the charge states of the vacan-
cies, interstitials and impurities are important in

determining the rate of annealing the 65 K de-
fects. ' " These charge states are not in general
known experimentally. We do know that the group-V
substitutional impurity, Sb, for example, can exist
in two charge states (Sbo, Sb'). Callcott has shown

that one of the defects produced by 1.0-MeV irra-
diation is a double acceptor. 3 It is reasonable to
assume that this defect is a vacancy which has cap-
tured two electrons to complete the dangling bonds
of the neighboring Ge atoms. We will also assume
that vacancies are always acceptors and intersti-
tials are donors in n-type Ge. Then vacancies can
exist in only three charge states (V, V, V ). The
free interstitials not bound in complexes will have

only two charge states (Io, I'). The charge state of
the complex should be commensurate with the above
charge assignments, however, we assume that
double donor complexes do not exist since under
these conditions a Coulomb repulsion exists be-
tween the ionized interstitial and the ionized im-
purity.

On the basis of these charge assignments, it is
possible to decide which defect interactions are
most likely. We expect a Coulomb attraction be-
tween V and I' as well as between V and I'.
This Coulomb attraction favors annihilation by in-
creasing the cross section for capture of the free
interstitials at the vacancy sites. A Coulomb re-
pulsion between I' and Sb' decreases the probability
for complex formation. We therefore assume that
the capture of a positive interstitial by a negative
vacancy is more likely than the capture of a neutral
interstitial. Likewise, the capture of a neutral
interstitial by a positive impurity is more likely
than the capture of a positive interstitial. In the
model to be presented, we will neglect completely
the less likely capture processes.
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It is now possible to describe the annealing
kinetics with a set of coupled differential rate equa-
tions which describe the concentrations of the vari-
ous defects as functions of time. There will be one
differential equation for each defect charge state
as well as an equation for the concentration of elec-
trons and an equation for the concentration of holes.
This description yields a system of nine coupled
nonlinear differential equations with a host of un-
known rate constants. This system can, however,
be greatly simplified if we make the assumption
that the electrons and holes are always in thermal
equilibrium with the defects during the anneal.
This is justifiable since the lifetimes for excess
carriers in a sample containing appreciable defects
is of the order of p, sec or shorter, however, the
annealing times are of the order of thousands of sec-
onds, or some 109 times slower. The system of
equations can also be simplified because the defect
concentrations are not independent. The total
vacancy concentration V is equal to the sum of the
concentrations of vacancies in all the possible
charge states, i.e. , V=V +V +V, where V is
the concentration of vacancies in the neutral charge
state, etc. Likewise, I=I +I; where I is the
total concentration of interstitials not bound to com-
plexes (free interstitials). Then, assuming that
interstitials are not lost to sinks other than vacan-
cies or complexes, V =I+C, where C is the con-
centration of interstitial impurity complexes (bound
interstitials). We are left with the following set of
coupled equations:

dc—= -K)C+K2(io —C)1, (6)

67V—=-K IVdt= 3

V =I+C, (8)

where io is the concentration of group-V impurities.
The rate constant K~ is the probability per unit

time for complexes to breakup and release inter-
stitials. The constant K~ is given by

K2 =P&(0)o,v~,

while K3 is described by the equation

(9)

K~ = [P&(+ 1)P„(-1)o„( )&

+P&(+ l)Py(- 2)o'y(-2) j vl ~

where vl is the interstitial thermal velocity, o, is
the capture cross section for capturing a neutral
interstitial at a group-V impurity site, and o,&,&

is
the capture cross section for capturing a positive
interstitial at a vacancy of charge q (q = —1, —2).
The quantity

P&(r) =I("&/I, r=0, ~1

is the probability that the interstitial has a net elec-
tronic charge r, while

P„(s)=V')/V, s=0, —1, —2 (12)

C = g (V+ i())(1 —(1 —4(V/i())[1+ (V/io)] }~ ) .

This same result is obtained if, instead of dC/dt
=0, we assume that the interstitial concentration is
in quasi-steady-state (dI/dt = 0) and also that K2
»K, as well as the previous condition, K~»K, .
We further approximate by assuming V« io so that
we may apply the binomial expansion to the above
equation and retain only the leading term. This
yields C =ioV/(V+ io), or that I= V —C = Va/io. When
this expression is substituted into Eq. (7), we ob-

is the probability that a vacancy has a net electronic
charge s. The total concentration of free intersti-
tials, I=@I"'=Io+I; is the sum of the concentra-
tions of free neutral interstitials and free positive
interstitials. Likewise, V=/, V"' = V + V + V
represents the total vacancy concentration.

Equations (6)-(8) can not be integrated in closed
form unless K, =K,. We do not expect this restric-
tive condition to be satisfied in systems in which
the defect charge states affect the annealing rates
since, inEqs. (9) and (10), o, &o„&»)&o„&2& and also
Pz(r) and P„(s) are very different in magnitude for
different charge states.

The hot-carrier measurements described in Sec.
II were used to measure the relative concentrations
of double acceptor defects which we have assumed
to be vacancies. Therefore, we are interested in
approximate solutions to Eqs. (6)-(8) for V(i), the
total vacancy concentration. Two approximations
will be discussed. If we assume that retrapping of
interstitials at impurity sites is very large, this
condition will lead to a quasi-steady-state for the
cencentration of complexes which is valid for very
long annealing times. We will call this the steady
state approximation. The second approximation
assumes that the first term in Eq. (6) is much
larger than the second. This represents a physical
situation in which retrapping of interstitials at im-
purity sites can be neglected. Since we have assumed
that all the interstitials which are released dur-
ing the anneal were trapped at group-V impurity
sites initially, then at t=0, the free interstitial
concentration is zero making the second term in
Eq. (6) negligible for short annealing times. We
will call this approximation the transient solution.

A. Steady-state solution

We begin by substituting I= V —C from Eq. (8)
into Eqs. (6) and (7). By assuming a quasi-steady-
state for the concentration of complexes (dC/dt=0),
we obtain a quadratic equation for C, and also as-
suming that K)/K2 « io so that the probability for
retrapping is large, we obtain
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f= V/Vo = [1+(2K,V20/to) t] '~' . (13)

This solution is identical in form to Eq. (3) which
described the experimental results for the 60'K
thermal annealing at long annealing times.

B. Transient solution

A second useful approximation is obtained by
neglecting the retrapping term in Eq. (6}. We ob-
tain immediately the set of coupled equations

dC dv—= —K C —= —K V(V —C).dt d

Since all the interstitials are initially trapped at
complexes, then Cp = Vp at t = 0, and we obtain at
once the solution for C(t),

C(t) = Voe «~'

After making the substitutions y = V, x=K3t and

C(x) = e '«'+3'" into the differential equation for V,
we obtain an equation for y(x),

dy—+ C(x)y = 1 .
dx

This equation can be integrated using the integra-
tion factor exp[fC(x}dx] to yield

Z3t
ye "-ype "o = dxe "'"'

x=p

up

u e du,
"3 -u

K~

where u=uoe ~', uo=(K~VO/K~), yo= Vo at t=0 and

y = V at t &0. The transient approximation for the
fraction of vacancies remaining is now found im-
mediately to be

V
- (u-up)

Vo 1+uoe"o[E~(u) —E~(uo)]
' (14)

where again, u=uoe ~', uo=K, VO/K„and where

Z, (x}= f p 'e 'dp

is the exponential integral and can be found tabul@4ed
in most math tables. 4

tain a differential equation for V(t) which is third
order, i.e. ,

dV K3—=-—Vdt zp

The approximations using V«ip are valid for longer
annealing times in all the cases to be considered
since in these experiments the maximum value of
V was less than 0. 15 ip at the beginning of the an-
ne als.

Upon integration of the above differential equa-
tion, and using the initial condition V= Vp at t=0,
we obtain the solution for the fraction of vacancies
remaining,

V. COMPARISON OF MODEL WITH EXPERIMENTS

When comparing experimental annealing data
with mathematical models, it is important to real-
ize that reasonable fits to the data can be obtained
for several quite different models by a suitable
selection of the adjustable parameters in the mod-
els. For example, isothermal data obtained by
Brown and Augustyniak ' for room-temperature
irradiated n-type Ge has been fit reasonably well
both by Waite's correlated diffusion theory ~ and
also by an approximate impurity trapping model
presented by Spitsyn and Smirnov. 7 Our problem
of selecting a model for the 65 'K annealing stage
in this same material is analogous. The final deci-
sion must be based on experimental evidence other
than the annealing kinetics at 65'K. A direct ap-
proach to this problem is to estimate the magni-
tudes of the adjustable parameters of a particular
model from first principles and to compare these
estimates with experimental results. In the re-
mainder of this section, we will attempt this com-
parison by making estimates of those rate constants
which can be obtained experimentally from the two
approximate solutions presented in Sec. IV.

The steady-state solution described by Eq. (13)
yields the parameter 2K, V~/io which represents the
effective rate constant for long annealing times
where this approximation is appropriate. The con-
stants Vp and ip are known approximately from
fluence and removal rate and from Hall measure-
ments at 77'K. The constant K„as defined in Eq.
(10), is composed of terms which can be estimated
once experimental information about the defect
charge states is known.

The transient solution described by Eq. (14) de-
pends on the parameters uo=K, V~/K, and K, . A
calculation of K, is again needed in order to com-
pare the experimental and calculated parameters
of the problem. By proposing a mechanism for
the breakup of the impurity defect complexes, it
should also be possible to calculate K,.

Neither approximation can yield experimental
information about the magnitude of K~ since these
approximate solutions do not contain this param-
eter. We will first consider data which can be de-
scribed in terms of the steady-state solution. This
will be followed by a comparison of other experi-
mental data with the transient solution.

A. 65'K thermal annealing

The isothermal annealing data presented in Sec.
III B suggest that the steady-state solution in Eq.
(13) is the appropriate approximation to consider
for this case. For long annealing times, the data
fit the empirical Eq. (3) which is of the same form
as the solution given by Eq. (13). The parameter
gf interest is the rate constant K obtained from the
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slope in Figs. 5 and 6 and found experimentally to
be

g ~ 3g ]0&0~-(0+15 ev) Q T sec-1 (15)

This value is to be compared with the calculated
constant 2K~VO/io in Eq. (13), where K, can be cal-
culated from Eq. (10).

To calculate Ks, we first observe that P„(-1)
=P„(0)=0 and that P,(-2)=1. These conditions are
required from the experimental result that pulsed
electric fields from 20 to 100 V/cm corresponding
to electron temperatures in the range of 40 to
120 K, tend to fill the double acceptors complete-
ly. 3 Therefore, this defect should also be filled
thermally in the temperature range covered in the
pulse isothermal annealing experiment.

After substituting the above probabilities into
Eq. (10), we find that K, is given by

K~ =P~(+ l)o„( 2)vg. (16)

1Pz(+1)=I, Io=1 p-x r o=pe'", -+ +P 8
(2o)

where 5=(E E,)/kT, y=(C'-E, )-/kT, P is the de-
generacy factor for the free interstitial donor level,
E, -E is the ionization energy of this level, and
E, —P is the difference in energy between the bot-
tom of the conduction band at E~ and the Fermi en-
ergy at P. The last approximation in Eq. (20) can

If we assume that the capture cross section for
capturing positive interstitials at the double nega-
tive vacancies is determined mainly by Coulomb
attraction, then, calling the capture radius r,

o~( g) = s'r~ = w(28 /IckT) (17)

where r can be estimated from the expression

or= ~Z, Z„~e'/~r, (18)

and where Si and Z„are charges in electronic units
for the interstitial and vacancy respectively, & = 16
is the relative dielectric constant of the crystal,
and e is the electronic charge.

The interstitial velocity is given by '"
u, =(3f r/M)'~'e s~", -

where {3AT'/M)'~2 is the thermal velocity of a com-
pletely free interstitial, M is the germanium inter-
stitial mass, and E is the interstitial migration
energy. In all the calculations to follow in which
el is needed, we will assume that E = 0. 005 eV.
This low migration energy agrees with the estimate
made for the migration energy of the Si interstitial
by %'atkins and also with the activation energy as-
sociated with radiation annealing of the 65'K de-
fects in germanium at near liquid-helium tempera-
tures as measured by Hyatt and Koehler.

The probability for thermal ionization of elec-
trons from free interstitials is given by

be justified as follows. If we assume that the donor
character of the impurities involved in complexes
is essentially the same as for the unoccupied donor
impurities, then charge conservation and nonde-

generacy imply that

n, =N.e" = f, —2V+(V —C)/(1+ P-'e"-'), (21)

where n0 is the exhaustion-range carrier concentra-
tion and is approximately equal to i0 before irradia-
tion. The last term in Eq. {21)is the positive free
interstitial concentration I' =PI(+1)I=Pz(+ 1)(V —t.).
We have also used V =P„( 2)V=-V since P„( 2)-
= 1. The quantity N, is the effective density of con-
duction band states and is defined as

N, =2(2wm,*AT/ha)'+ =2. 2x10"7' cm ',
where I,* is the electron effective mass and h is
Planck's constant. From Eq. (21) it is apparent
that e" is of the order of 10 ' since n0 is of the order
of 10~3-10'4 cm 3 during the entire anneal. Also,
e is of the order of 10 for temperatures from
50 to 60'K if we assume that E, -E=0.15 eV, the
activation energy associated with the long time
isothermal annealing. Therefore, e" 6 is of the
order of 10 which is much larger than unity and
justifies the last approximation in Eq. (20).

To obtain an expression for Pz(+ 1) in terms of
known quantities, we must now determine e". From
Eq. (21), and using the approximation that e" '»1,

io 2V V —C o

But the last term i.n this equation is at least 10'
times smaller than the first term because e~" is
of the order of 10"' while V —C is of the same order
as io —2V. Thus, e "=N,/(io —2V) =N,/io to the
same approximation as was used in the steady mod-
el. Equation (20) now becomes

P;(+ 1)= (N, /i, )e

%e can write immediately a expression for the
effective annealing rate K, using Eq. (16) and the
above equation, i.e. ,

3 Q -2PN ~ & & & &E~ E)/k2'--
0 ZO

For the samples used, and assuming the vacancy
to be a double acceptor, (Vo/fo) =1.75X10 . Using
this value, the last equation, Eqs. (17) and (19),
the definition of X„and setting P = 1 and E,. -E
=0. 15 eV, we find that 2K,V0/io=1. 96X10'0
&e' '" ' ' " sec ~ which compares quite favorably
with the experimental results in Eq. (15). Figure
8 shows a typical isothermal anneal at 56'K in
which the solid line on the figure is calculated from
Eq. (22).

The initial vacancy concentration V0 occurs in
Eq. (22) only in the ratio Vo/fo ln typica. l experi-
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ments, this ratio is approximately constant for
samples whose exhaustion range carrier concentra-
tion varies over several orders of magnitude. This
is because irradiations are usuaQy sufficiently long
so as to produce a measurable change in the con-
ductivity or carrier concentration. The total flu-
ence, and hence Vo, is therefore more or less de-
pendent on the impurity concentration io for pur-
poses of experimental convenience and sensitivity.
This may explain why no strong dependence on the
concentration of group-V impurities has been ob-
served in the past.

B. Optical annealing at 4.2'K

Arimura has obtained optical annealing data
which have been difficult to fit into a close-pair
model or a diffusion model. ' %hen light from a
glow-bar, filtered through a thick Qe filter to pro-
duce light of energy less than the band gap (hv&Zi),
is allowed to illuminate a sample containing 65'K
defects, optically stimulated annealing of these de-
fects is observed to occur at 4. 2 K. ' %e have
analyzed these data and observe that the annealing
kinetics are similar to the 65'K thermal annealing
kinetics and to the radiation annealing kinetics.
The data for long annealing times can be described
by E&I. (3). This is illustrated in Fig. 9, where
1/f has been plotted versus the annealing time to
obtain a linear plot. The steady-state approxima-
tion described by E&I. (13) is again appropriate.

The recovery due to optical annealing at 4. 2 'K
is at the expense of the 65 K thermal recovery.
The filtered light has shifted the annealing some
50-60'K lower in temperature. This extrinsic
light must break up the impurity interstitial com-
plexes at 4. 2 'K in at least small numbers. %'e

propose that the neutral interstitial is bound to the

l,O

group-V impurity atom by sharing an electron with
the impurity as well as by an attractive strain field.
By photoexciting this electron from the complex,
the interstitial is aided in its escape by the Coulomb
repulsion created between the ionized impurity and
ionized interstitial.

The annealing rate at 4. 2'K is given by the slope
in Fig. 9. From this figure we find that K= ax10
sec '. Again, by comparing E&ls. (3) and (13), this
experimental value should be identical to 2K,V20/fo,
where K, is given by E&I. (10). From Arimura's
data, io 3~&0~ cm, whi], e Vo 4 5&10 3 cm-'.
Qn the basis of photoconductivity measurements by
Arimura, ' the filtered light used to stimulate an-
nealing causes single ionization of all the double
acceptors as well as a partial double ionization of
these defects. Therefore, P„(-2)=0 and from E&I.

(10),

K, =Pi(+ 1)P„(-I)o'„&,&oi, (23)

where oi is calculated by E&I. (19) using T=4.2'K
and E„=0.005 eV. The capture cross section
o,&» is similar to o„&» i.nE&ls. (17) and (18) ex-
cept that now, Z„= —1. Therefore, we find that

o„&» = «(e'/«kT)'. (24)

%e proceed now with a calculation of
Pi(+1)P„(-1). In the presence of filtered extrinsic
light, electrons are excited from and recaptured
at vacancies and interstitials until an electronic
steady state occurs. After this steady state is
reached (dn/df = 0), assuming detailed balance and
also assuming that the thermal generation rates at
4. 2 K are negligible compared to the optical gen-
eration rates

&'/&, =sr./[no. o,(+)l

and

V /V'=no, o,(0)/g„-,
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Pi(+ 1}P.(- I) =o.(0)/o. (+) . (25)

where gro is the rate at which electrons are gen-
erated from neutral interstitials, g~ the rate elec-
trons are generated from negative vacancies, e,
the electronic thermal velocity given by o, = (3kT/
m,*)'~~, = nn4 «+isnthe steady-state electron con-
centration in the conduction band, and o,(+} and
o,(0) are the capture cross sections for capturing
electrons at a positive interstitial or a neutral
vacancy. If 4n, the excess electron concentration,
is not too large compared to no, the exhaustion
range electron concentration, then I'/I =Pi(+1)
and V /VO=P„( 1}. Assum-ing that gio is not too
different from g„-, then

FIG. 8. Fit of the steady state approximation given
by Eq. (13) to a pulse isothermal anneal at 56 K using
the calculated rate constant 2K3VO/jo.

The calculation of K, in E&I. (23) can be made at
once, if the ratio of these electronic cross sections
is known. These capture cross sections have not
been measured experimentally, however, these
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We expect that, in the presence of large numbers
of electrons and holes, the interstitials and vacan-
cies will have a large probability of being neutral.
Let t, = (nv o ) be the time for a particular defect
to capture an electron and t„=(pv„o„) ' be the time
for hole capture at this same defect where n and p
are the steady-state concentrations of free electrons
and holes, v, and v„are the electron and hole ther-
mal velocities, and o, and O„are the electron and
hole capture cross sections at the defect. If P(h)
is the probability for occupation of the defect by a
hole and P(e) the probability of occupation by an
electron, then

P(e)=f„/(f, +t„)
FIG. 9. Thick-filter optical annealing at 4. 5 oK illus-

trating the long-time approximation faf- t . Original
data are from Refs. 7 and 12with permission of the authors.

and

P (k) = t /(t, + f„) .
(27)

values can be estimated from data given by Lax'
for capture cross sections at other types of flaws
in various charge states. We will assume the fol-
lowing representative values at 30'K to be

o,(-) = o„(+)= 10 '9 cm,
o,(0) = o„(0)= 10 "cm',

o,(+) = o„(-)= 10 " cm2,

(26)

where o,(q) is the electron capture cross section
for a defect of charge q while o„(q) is the corre-
sponding hole capture cross section. The tempera-
ture dependence of o,(+) can be estimated since at-
tractive Coulomb forces are involved in the capture
process By a.nalogy with Eq. (24}, o,(+) ~(kT) ~.

Therefore, o,(+)=5&&10 ' cm' and cr,(0) =10 '8 cm
at 4. 2'K. Using these cross sections, the values
of io and Vo given at the beginning of this subsec-
tion, and calculating o„t »vz from Eqs. (19) and
(24), we obtain 2K, VO/io= 13.8X10 ' sec '. This
is reasonably close to the experimental value,
K=8&&10 sec, obtained from Fig. 9.

C. Radiation annealing at 7'K

The rate constant for radiation annealing was de-
termined in Sec. IIIC to be K=11.2&&10 sec '.
Since the steady-state approximation fits the data,
we again calculate the effective rate 2K3VO/io. As
was the case in Sec. VB, V0=4. 5X10 cm and
i0= 3&10 cm . The calculation of K3 is similar
to the calculation of this quantity in Sec. V B except
that in this case the electron beam heats the sam-
ple to a temperature of 7 K. This heating increases
the free interstitial velocity considerably since the
migration energy is taken to be E =0.005 eV. The
probability terms in Eq. (10) must also be recal-
culated because the 500-keV-electron beam pro-
duces many electron-hole pairs which affect the
defect occupation probabilities.

and

P„( 1)= [1+pv„-o„(-I)/nv, o,(0}]'.
(28)

But since v, =v„and n=P, then

P (- 1}PI(+1)= &e(0)&h(0)/&8(+)&/, (-) (29)

Using Eq. (26), o,(0) = o„(0)= 10 '6 cm'. Also o„(-}
=o', (+) =(~7) X10 "cm where the temperature de-
pendence of these cross sections is estimated as
before. Using Eqs. (19) and (24) to calculate
o„& &vz at 7 'K, and Eqs. (29) and (23), then 2K3V20/io
= 8. 5&&10 sec ' as compared to the experimental
value of K=11.2&&10' sec '.

D. Optical annealing at 30 K

Arimura has reported that very little optical an-
nealing is observed at 4. 2 'K when monochromatic
light of energy greater than the band gap (hv &E~)
illuminated a sample containing 65 K defects. 7

Using the same analysis as was used to calculate
the radiation annealing rate, but at a temperature
of 4. 2 'K, the greater than band gap light optical
annealing rate at this temperature is found to be
1.5&10 sec '. This rate is too slow to be ob-
served conveniently since 10 sec are required to
observe a 30Fo decrease in the fraction of defects
remaining. The difference between the intrinsic
light and the radiation annealing can be attributed
entirely to the difference in temperature in the two
experiments. Since this temperature difference
most strongly affects the interstitial migration
velocity, vz=(3kT/M)'~ae ™~r,a comparison of

The probability that a vacancy will capture two
electrons is very small since once the first elec-
tron is captured the time to capture a hole is 10
times as fast as the time to capture a second elec-
tron. We can therefore take P„( 2) = 0. F-rom Eq.
(27) then,

PI(+ I) = [I+ nv, o,(+)/pv„o„(0)] '
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these two experiments has led to the determination
of the interstitial migration energy E = 0. 005 eV.
An activation energy of this size has recently been
observed by Hyatt and Koehler' from a study of
the temperature dependence of the radiation anneal-
ing near 4. 2'K.

The annealing rates for greater than band-gap
illumination and radiation annealing increase rapid-
ly in the temperature range of 30'K. 7' Figure 10
shows isothermal annealing data taken at 30 'K for
the annealing of 65 'K defects by gre, ater than band-
gap monochromatic light. We have been able to
obtain a reasonable fit to these data using the
transient solution given by Eq. (14). This is illus-
trated in Fig. 10 by the solid line which is calcu-
lated from Eq. (14) using the empirically deter-
mined values for the two parameters, uo= 1.0 and
Kg=~@) sec '. We now proceed with a calculation of
these two parameters.

Arimura has estimated hp, the excess hole con-
centration generated by the. intrinsic light in this
experiment, from the relation hP = aIpTp where
n = 5 cm ' is the optical absorption coefficient for

0.9

0.8

a 0.

z 0.6
z
~& 0.5
CP

Lal

04

0.3
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4
0.2

the wavelength of light used, ~~ is the minority
carrier lifetime at 30'K which is taken to be about
10 ' sec, ~ and Io = 10'4 photons/cm sec is the pho-
ton intensity as estimated by Arimura. From these
values, the free hole concentration P =~P = 5X10
cm '. The number of electrons thermally ionized
from the donor levels is about 60Fo of the exhaustion
range concentration in the sample used in this ex-
periment and is much larger than the excess elec-
trons generated by the light. Therefore, n= 2&10'
cm '. Using these values for n and p and Eq. (28),
we find that P„(-1) = 1 while PI(+ 1) = 2. 5 && 10 . The
rapid rise in both the radiation annealing rate and

the optical annealing rate can be attributed to the
rapid rate at which vacancies become negative in
this temperature range due to thermal ionization of
the donor levels. This enhances the probability for
the vacancies to capture positive interstitials.

At 4. 2 'K, the defect complex is comprised of a
neutral interstitial and a neutral group-V impurity.
Therefore, the complex is probably neutral. If we
assume that complexes are thermally ionized singly
in the same temperature range as the group-V im-
purities, then a double ionization will occur in the
30'K temperature range primarily by hole capture
at singly ionized complexes. This should create a
Coulomb repulsion between the interstitial and the
group-V impurity which will break up the complex.
The rate of break up K, is determined by the rate
of hole capture. Therefore, K, =1/t„=Pv„c„(+).
Using P =5&&10 cm, as estimated in the last para-
graph, and o'„(+)=10 cm, and calculating v„ from
v„=(3kT/mf)', where m„* is the hole effective
mass, we calculate that K& = 2. 5 & 10 ' sec ' in good
agreement with the experimental value of K, =6'0

sec '=1.67&&10 sec '.
We now have all the data required to calculate

uo=K, VO/K, . Using Eq. (10) and setting P„( 2) =0-
for reasons given in Sec. V C, then

uo = o„(,)v~P„(- 1)P,(+ 1)Vo/K, .

Calculating 0„&»vi as before and using again Vo
=4. 5&&10' cm, the calculated value of uo is 1.7
as compared to the experimental value of 1.0.

VI. ANNEALING AT 35'K
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FIG. 10. Fit of the transient approximation given by
Eq. (14) to monochromatic light (hv &E~) optical anneal-
ing data obtained from Ref. 22. Data used with permis-
sion of the author. The values 10=1 and v'= 60 sec were
determined empirically.

The analysis in previous sections has been re-
stricted to the case of lightly irradiated and lightly
doped n-type Ge. This approach was taken because
most of the experimental data which depend upon
the defects's charge states have been obtained
under these conditions. " ""' ' All the ex-
perimental data yresented in this paper also belong
to this category. Furthermore, optical annealing
of degenerate n-type Ge damaged at 10 K has not
been reported to our knowledge. Radiation anneal-
ing has, however, been observed at 10'K, ' ""
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suggesting that the defects's charge states are still
an important consideration in the degenerate case.
A discussion of radiation annealing caused by ioni-
zation in degenerate n-type Ge has been presented
by MacKay and Klontz in terms of a charge-state-
dependent impurity trapping model. "

The most notable difference in the response of
degenerate and nondegenerate n-type Ge to low-
temperature electron irradiation is the appearance
of athermal annealing stage at 35 Kin degenerate
material and the lack of this stage in nondegenerate
material. '3 ' 3 Severalmodelsfor the 35 K anneal-
ing stage have been proposed, however, conflicting ex-

perimental results, due presumably to different ex-
perimental conditions, ' ' ' "'" ' make interpre-
tation of the data for this stage rather speculative
at this time. Therefore, we will not attempt to
present here a quantitative model for this annealing
stage. Rather, we will discuss qualitatively how
this stage can be accommodated within the frame-
work of the model presented in the previous sec-
tions.

The principal experimental results which have
been reported for the 35 K annealing stage are as
follows:

1. This stage has not been observed in material
in which the group-V donor concentration is less
than some as yet undetermined critical value which
is approximately 10'8-1Q cm '."

2. In samples doped with approximately 10"
Sb/cm, a critical fluence for the production of
35 'K defects has been observed which is approxi-
mately 5x 10' e/cm' for a 1.I-MeV irradiation
from a pulsed electron source. ~"

3. In samples doped with 10'8 As/cm, the pro-
duction of these defects, using a 1-MeV dc electron
beam, is more efficient than in the previous
case. ' '"' This could be due to a lowering of the
critical fluence for production of 35 'K defects be-
cause of a concentration dependence, an impurity
type effect, pulsed beam versus dc beam ionization
effects, some combination of these reasons or other
unknown experimental differences such as the de-
gree of compensation in the samples used in these
experiments. ' ' '

4. Radiation annealing of 65 'K defects, after a
thermal anneal to remove 35 K defects, 'produces
additional 35 'K defects.

5. Thermal annealing kinetics for the 35 'K
stage have usually been reported as first order for,
in some cases, greater than 80Fo of the recov-
ery. ' ' In contrast, Bourgoin and Mollot re-
port the annealing kinetics to be third order near
the end of the anneal. ' ' Activation energies for
this stage have been reported to be as low as 0. 017
eV ' and as high as 0. 07 eV. "

6. A large stored-energy release accompanies
the 35'K recovery suggesting that vacancy-inter-

stitial recombination occurs in this stage as well
as in the 65'K stage. 4'

7. Models for the 35 'K annealing have been pro-
posed suggesting that this stage is caused by the
annealing of the closest of close pairs of vacancies
and interstitials, '

by the annihilation of defects
converted by irradiation from permanent defects
(those defects not annealing at 35 or 65 'K), that
the 35 'K defects are produced directly as primary
defects when permanent defects are present, "that
65'K defects are converted into 35'K defects after
prolonged irradiation, ' or that this stage results
from the recombination of impurity interstitials
with vacancies. ' '

8. In conflict with the dependence of the 35 'K
defect production rate on permanent defect concen-
tration reported by Klontz and MacKay for samples
doped with 10' Sb/cm', Bourgoin and Mollot'0 re-
port no observed production rate dependence on the
permanent defect concentration for samples doped
with 7X10'7 As/cm' for fluences greater than 5
& 10'~ e/cm'.

9. At high impurity concentrations and higher
electron energies, the production rate for 35 'K
defects increases with increasing group-V impurity
concentration in As-doped samples. '

10. The production of 35 'K defects increases
with increasing electron energy up to 900 keV, but
decreases at higher energies in samples highly
doped with As. "

Although there exists considerable disagreement
as to the interpretation of these experimental re-
sults, the 35'K annealing stage is generally be-
lieved to be the result of annihilation of either self-
interstitials or impurity interstitials ' at vacancy
sites. These interpretations are in agreement
with the stored energy release during annealing for
this stage. "

The observation that 35'K annealing occurs only
in degenerate material can be interpreted in terms
of a Fermi-level dependence or donor-impurity
concentration dependence. Bourgoin and Mollot
have demonstrated, however, that 35'K defect pro-
duction is the same in two samples doped with the
same As-impurity concentration but different com-
pensations, and that samples of different As-impu-
rity concentration have different 35 K defect pro-
duction rates. ' We therefore conclude that the
group-V impurity concentration is more important
than Fermi level position in determining the pro-
duction of 35 'K defects.

Since the production of 35 K defects has been
shown to be at the expense of defect concentrations
created at lower fluences, "'" it has been sug-
gested by MacKay and Klontz that prolonged irradia-
tion modifies primary defects into 35 K defects.
From a slightly different point of view, these de-
fects can be thought of as arising from defect in-
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teractions vrhich become xnore important after pro-
longed irradiation due to an increase in defect con-
centration.

In terms of the model presented in previous sec-
tions, irradiation at 1 MeV produces isolated va-
cancies and interstitial-group-V impurity complexes
in nearly equal concentrations which are randomly
distributed throughout the crystal. In lightly doped
crystals, the vacancy interstitial separation dis-
tance is large compared to the capture radius for
interstitials at vacancy sites for all measurable
defect concentrations, i.e. , concentrations of
vacancies less than the group-V donor impurity
concentration. As the impurity concentration is
increased, however, the probability that an inter-
stitial will be trapped at an impurity site which
falls within a vacancy capture radius for intersti-
tials (which is a function of both the vacancy and

the interstitial charge states) must necessarily in-
crease with both increasing impurity concentration
and increasing vacancy concentration which is pro-
portional to fluence. If no Coulomb attraction
exists between the vacancy and interstitial, then
this capture radius is of the order of a few lattice
constants and is determined primarily by lattice
strain. However, with a Coulomb attraction be-
tween the vacancy and interstitial, the capture
radius at a vacancy site for interstitials of the op-
posite charge state is, from Eq. (18), approxi-
mately 100-300 A at 35 'K depending on electron
screening of the Coulomb potential. Therefore,
those interstitials which are closer to vacancies
than this radius should spontaneously annihilate
provided that the defects can be forced into suitable
charge states either thermally or by other means.

The rate of annihilation at 35 'K will be governed,
therefore, by the capture of holes at interstitials,
assuming that the vacancies are all negative. Ap-
proximately first-order annealing kinetics with the
rate governed by hole capture are expected for this
mode1. The fraction of defects which annihilate,
however, is expected to be a function of both the
group-V impurity concentration and the vacancy
concentration since both of these concentrations
determine the mean vacancy-interstitial separation
distance.

This model is capable of explaining many of the
seemingly contradictory experimental data pre-
viously discussed. Assuming that the impurities,
and hence the interstitials, are distributed more
or less randomly with respect to the vacancies, and

using a reasonable distribution function for the
vacancy interstitial separation distance'; it is pos-
sible to show that 35 'K defects are not expected
to be observed until the group-V impurity concen-
tration is greater than 10' cm '. Also, this mod-
el predicts that a critical fluence of somewhat
greater than 10'6 1-MeV electrons/cm is required

to produce 35 'K defects in a sample doped to an
impurity concentration of 1~10' cm in agreement
with experiment. ' Furthermore, the calculated
fraction of total defects annealing in the 35 'K stage
is also in reasonable agreement with experiment.
For more highly doped material (10~~ impurities/
cm'), it can be shown that some interstitials fall
within the vacancy capture radius after very small
defect concentrations have been produced in agree-
ment with the results of Bourgoin and Mollot. '

A consideration of the discussion of radiation
annealing in See. V suggests how 35 'K defects can
be formed by low-energy electrori irradiation fol-
lowing a thermal anneal which removes all of these
defects. Dur ing the radiation anneal, interstitials
are being released and retrapped at complexes at a
rate which is much larger than the vacancy intersti-
tial recombination rate. This conclusion is drawn
from the model in the previous section and from
the experimental fact that the radiation annealing
kinetics are approximately third order. Since rela-
tively small fractions of these defects are simul-
taneously in suitable charge states for annihilation
during the radiation annealing process, it is ex-
pected that the vacancy-interstitial distribution
would tend to become random during radiation an-
nealing. Therefore, a fraction of the remaining
interstitials would again fall within the vacancy
capture radius forming neer 35 'K defects. It is
expected that the fraction of.defects converted to
35 'K defects on subsequent cycles of this process
should decrease as the total number of defects de-
creases. This effect has been observed by
DeAngelis and Penczer. 4

The nature of the spread in thermal activation
energies associated with the 35 'K annealing stage
is not obvious from the model presented in this
section. Isothermal annealing data under different
impurity and defect concentrations have not been
reported. Several factors may contribute to the
total binding energy of impurity-interstitial com-
plexes. The relative importance of these contribu-
tions for different concentrations may possibly
account for the observed spread in activation ener-
gies. Since radiation annealing of 35'K defects
can occur near liquid-helium temperatures, it is
likely that a large part of the activation energy is
electronic in nature. The Coulomb repulsion be-
tween an electron trapped at a vacancy and an elec-
tron trapped in a complex closer to this vacancy
than 100 A is larger than 0. 02 eV. For much
closer spacings, this repulsion energy is corre-
spondingly larger. This effect tends to lower the
total complex binding energy. Also, impurity level
thermal ionization becomes significant in the same
temperature range in which this annealing is ob-
served. A loss of electrons thermally from im-
purities involved in complexes would further reduce
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the total binding energy of these complexes.
Another factor leading to thermal activation in

irradiated degenerate semiconductors is low-tem-
perature carrier hopping. In previous sections,
we have proposed that hole capture by complexes
is an important mechanism for dissociation. In
highly compensated degenerate semiconductors,
conduction through the impurity band occurs by the
hopping mechanism which is thermally acti-
vated. ' ' Experimental data by Fritzsche44 on
Sb-doped Ge indicate that concentrations of 1&&10

Sb/cm just place this material into the metallic
conduction state. Any compensation produced by
irradiation in samples doped with this concentra-
tion is expected to produce thermally activated
conduction (see Fig. 4 in Ref. 44). Furthermore,
in highly degenerate semiconductors which are also
highly compensated, Shklovskii and Efros" have
shown that the electrons are very inhomogeneously
distributed in space. As a result, the electrons
form metallic drops at low temperature which are
separated from each other by very large potential
barriers. The conductivity is therefore thermally
activated over a large temperature range with acti-
vation energies as high as 0. 1 eV in some cases."
It is possible that a complete understanding of the
35 K defect will ultimately depend upon a thorough
explanation of the intermediate conduction process
described in Refs. 41-45.

The production of permanent defects, which in-
creases rapidly with electron irradiation energy
above 900 keV, causes a type of carrier compensa-
tion which does not anneal at 35 or 65 'K. ' These
defects can affect the 35 K annealing by introducing
additional defect-defect interactions as well as
producing further modification of the conduction
process through compensation. Other defects
which can conceivably occur in significant concen-
trations after prolonged irradiation include di-in-
terstitials, divacancies, and di-interstitial impu-
rity complexes. It is not possible, on the basis of
present experiments, to completely exclude any of
these defect configurations from the 35 'K annealing
at this time.

VII. DISCUSSION OF PREVIOUS MODELS

Due to a lack of microscopic experimental infor-
mation about the defects produced by irradiation in
Ge, very few conclusive defect identifications have
been made in this material. This has resulted in
considerable revision of previous models proposed
to explain the observed annealing stages as new ex-
perimental data have become available. The model
which has been presented here is no exception to
this. We have attempted in this paper to fully de-
velop the concepts of "interstitial trapping" and
"Coulomb capture cross section" to a point where
quantitative contact with experimental data is possi-

ble. The results, which are summarized in Table
II, have bee'n encouraging. It should be empha-
sized, however, that this model may not be unique
in its ability to yield order of magnitude values for
the experimental annealing parameters measured
thus far. It is hoped that the results which have
been presented here will serve as a stimulus to
further experimentation and that other proposed
models will be developed to the stage where a more
quantitative comparison with experiment is possible.
It is appropriate, therefore, to briefly discuss
other models which have been proposed in the lit-
erature as an aid to future development in this area.

The models which have been proposed fall gen-
erally into three broad areas and can be classified
in terms of the relative positions hypothesized for
the vacancy and interstitial immediately after ir-
radiation. In addition to the interstitial trapping
model presented in Sec. V, other models for the
low temperature annealing have included several
close-pair models as well as a correlated diffusion
annealing model. A comparison of the currently
popular models is presented in Ref. 13.

Close-pair models have been proposed many
times in order to explain the low-temperature an-
nealing in n-type Ge. ' ' ' '" ' The assumption
made in these models is that a very high degree of
correlation exists between interstitials and their
parent vacancies, due to their proximity, so that
during recovery, each interstitial annihilates the
vacancy from which it originated. Electrons cap-
tured in the close-pair stabilize the defect structure
as a whole and the observed charge dependent shift
of annealing temperature is due to a loss of stabi-
lizing electrons. The obvious advantage of close-
pair models is the ease of explaining the high per-
centage recovery observed for thermal annealing
at 65 'K and radiation annealing at 10'K. Close-
pair models do not, at present, yield the correct
annealing kinetics in any obvious way, account for
the dependence of the 65 'K annealing on impurity
type, or account for the dependence of 35 K an-
nealing on impurity concentration.

It has been suggested that the Fermi energy ac-
counts for a part of the measured activation energy
of the 65 'K annealing. 8'~'46'47 It has also been
suggested that the impurity type dependence for
this stage could be due to a difference in ionization
energy of the group-V impurities as reflected in the

~ position of the Fermi level. ' By a suitable combi-
nation of these suggestions, it is possible to quali-
tatively account for the dependence of 65 K anneal-
ing on the type of impurity within the framework of
a close-pair model. If the effect of defect concen-
tration on Fermi-level position is also included,
as we have done for the trapping model in Sec. V,
then perhaps the observed annealing kinetics can
also be explained.
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TABLE II. Comparison of calculated annealing parameters with experimentally determined
values.

Type of annealing

Thermal annealing at
65 'K

Parameter

Effective
rate constant

Calculated value Experimental value

1 96X10 0 ~-(0 15ev) IkT - 3X10ip ~-(p. isev) /kTS

Filtered light optical
Annealing at 4. 2 'K

(hv & E~)

Radiation annealing
at 7 K

Monochromatic light
optical annealing

at 4. 2'K (hv&E )

Monochromatic light
optical annealing

at 30 K (hv & Ez)

Effective
rate constant

Effective
rate constant

Effective
rate constant

gp = K3Vp/Ki
K,

13.8x10 4sec i

8.5X10~sec

1.5 x 10 sec

1.7
2. 5x10" sec

8.0x10 4sec

11.2x10 sec

«10 sec

1.0
1.67 x10 2 sec i

The impurity dependence observed for radiation
annealing and the dependence of 35 K annealing on
impurity concentration are more difficult to ex-
plain, however. During radiation annealing, large
numbers of electron-hole pairs are generated which
must be described in terms of quasi Fermi levels
which are much deeper in the gap than the equilibri-
um Fermi level in nondegenerate material. Neither
the impurity dependence nor the annealing kinetics
are obvious in this case. Presumably the 35'K
annealing in degenerate material would have to be
described in terms of interstitial migration over
large distances as suggested by Bourgoin and Mol-
lot. ' ' It may not be possible to resolve this long-
range migration with a close-pair model.

In the correlated diffusion models, the mean
separation distance between vacancies and intersti-
tials is assumed to be greater than a few lattice
constants. A high degree of correlation is pro-
posed, however, in order to account for the high
percentage recovery at 65'K. Lower-temperature
annealing stages are attributed to lower interstitial
migration energies produced by changes in de-
fect charge state induced by various external
stimuli. ' ~ ' ' The annealing kinetics are de-
scribed by the diffusion theory of Waite using
only those terms which represent correlated re-
covery. Hyatt and Koehler have shown that the iso-
thermalannealingkinetics at a single temperature
(66. 3 'K) can be fit with this model quite well. No

one has demonstrated, however, that the same in-
terstitial distribution function can be used to fit all
the available isothermal data near 65 'K. Hyatt
and Koehler have also pointed out the importance
of the Coulomb capture radius at low tempera-
tures. Using this concept, however, they arrive
at abnormally low interstitial diffusion coefficients
and can not account for these numbers in terms of
random walk through the lattice either for the radi-

ation annealing case or the thermal annealing at
65 'K. MacKay and Klontz" have shown that no

high degree of correlation is expected to exist in
lightly doped material for interstitials in the 0 or
+1 charge states after irradiation sufficient to pro-
duce measurable concentrations of defects. The
impurity dependence is explained as a Fermi-level
effect except for the 35 K annealing for which a
different mechanism is proposed.

The correlated diffusion of interstitials toward
sinks in the presence of an interaction potential
which is dependent on distance, due either to Cou-
lomb forces or strain fields, has not been con-
sidered theoretically in the Waite model. The
Waite theory applies only to the case of particles
exerting short-range chemical forces which are in-
dependent of position. In the radiation annealing
case, the defects's charge states are changing in
times of the order of the free carrier lifetimes.
The potential term which must be added to each
probability diffusion equation in Waite's theory is
in general both position and time dependent. There
is no theoretical justification for discarding the un-
correlated terms, or assuming that the third order
annealing kinetics will result under these condi-
tions. It should also be pointed out that the optical
annealing at 30'K in the presence of greater-than-
band-gap light is essentially first order and is
more readily fit by our transient approximation
than by a correlated diffusion theory.

A further difficulty arises in explaining the 35 'K
annealing in terms of a diffusion model in the case
of degenerate Ge." Bourgoin and Mollot' intro-
duce a completely different model for this stage.
They have proposed that the 35'K annealing stage
is the result of group-V impurity interstitial an-
nihilation at vacancy sites. They propose that
during irradiation the Ge interstitials replace
group-V impurities in concentrations large enough
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to allow for the observed 35'K recovery. For
this to be so, the Ge interstitial must move dis-
tances larger than those calculated by Hyatt and

Koehler. 9 It is not clear how the correlated dis-
tribution of Ge interstitials, which Bourgoin and
Mollot' also advocate, is maintained under these
conditions. The shape of the distribution function
must obviously be distorted which will result in a
different isothermal annealing behavior at 65 'K.

Perhaps further theoretical analysis will over-
come some of these difficulties. We suggest that
the concept of a Coulomb capture radius applied to
the diffusion models may offer a more quantitative
comparison arith experiment. It is possible that
the Coulomb potential can be introduced into
Wite's theory only as an alteration of the capture
radius around the vacancy. The problem of the
oscillating charge states could be treated, perhaps,
as a probability for occupation calculation which
would then involve the defects's carrier capture
cross sections as we have done in previous sec-
tions.

VIII. SUMMARY AND CONCLUSIONS

We have observed experimentally that the an-
nealing rate of the 65 'K stage in irradiated n-type
Ge depends on the type of group-V impurity used
to dope the sample. The radiation annealing rate
of these same defects at 7'K is also sensitive to
the type of doping impurity. Using this observed
impurity dependence as a basis, and proposing that
long range interstitial migration occurs in Ge near
liquid-He temperatures, we have constructed a
model which yields the observed annealing kinetics
for the thermal annealing at 65 'K, the radiation
and optical annealing near liquid-He temperature,
and the greater than band-gap monochromatic light
optical annealing at 30'K. The charge states of
the defects play a central role in this model. This
model provides a means of calculating most of the
annealing parameters which have been observed to
date. These results are summarized in Table II.

We conclude that the 65 'K annealing stage, as
well as the lower temperature annealing stages,
produced as a result of external stimulation of vari-
ous types, are the result of positive-interstitial
negative -vacancy annihilation. The probability
that these defects are in suitable charge states for
Coulomb assisted annihilation directly affects the
annealing rate. We have proposed that during ir-
radiation most of the interstitials become trapped
by group-V impurities to form defect complexes.
The annealing process is then initiated by the re-
lease of these interstitials from the complexes.

Two types of annealing kinetics are possible de-
pending on the amount of interstitial retrapping
which occurs during the anneal. If the retrapping
is large, then third-order kinetics dominate the
annealing. This situation apparently exists for the
majority of annealing experiments performed thus
far. When interstitials are released from the com-
plexes at a rate which is too rapid for a quasi-
steady-stage between interstitial release and re-
trapping to become established, then the character
of the annealing is more adequately described by
the transient approximation given by Eq. (14}. This
situation occurs for monochromatic light optical
annealing at 30'K and probably also for 30'K fil-
tered light optical and radiation annealing, how-
ever no isothermal data exist with which to com-
pare the model for these latter two cases.

The dependence of the annealing rate on impurity
type has been observed to saturate for longer an-
nealing times both in the radiation annealing experi-
ment and the thermal annealing experiment. The
annealing in both experiments is governed by the
constant K, over an appreciable fraction of the re-
covery. This constant is expected to be indepen-
dent of doping impurity type and accounts for the
saturation of this impurity dependence. We expect
the rate constant K, and possibly K~ to depend on
the type of impurity. The transient approximation,
which is valid for early annealing times, predicts
then that the impurity dependence should be most
evident near the beginning of the anneal. Only
during this transient does K„ the impurity depen-
dent rate constant, play an appreciable role in de-
termining the over-all annealing rate.

The model presented here was based on the point
of view that the behavior of .vacancies and intersti-
tials in both Si and Ge should in many ways be sim-
ilar. We have obtained indirect evidence that the
interstitial migration energy in these two materials
is of similar magnitude. Whan ' has presented
data which suggest that vacancy migration occurs
in Ge in the same temperature range as in Si. The
formation of the vacancy-oxygen complex or A
center occurs in the same temperature range in
both materials. All these experiments support
the view that the effects of radiation On similar
semiconductors may not be as diverse as has been
suggested in the past.
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