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ABSTRACT

. The results of_ultra—high sensitivity EPR studies éf Ge single
crystals are discussed. Maximum sensitivity was achieved by using high Q
microwaﬁe resonant samples together with an électric detection fechnique.
Under sub band-gap optical excitation, two éets of lines were detected:
four Lines‘with axialvsfmmétry about the four (111) axes with g" = 0.34
apd g‘L = 1.94, ;n& 24 lines with g“ = 0.73 and gl = 1.89, axially symmetric
about (111) axes with a six-fold 1.2° distortion. Detection involved
monitoring the absorption of energy from‘the microwave‘electric field by

photo-excited electrons. Due to spin dependent'scattering of the electrons

by dangling bonds located in the core of dislocations within the crystal,

a resonant»chénge in this absorption was observed Qn'eﬁch passage through
spin resonance. ‘Bqth increases ‘and decreases in the absorptiqn.were'

observed, depending on sample qharacteristics. The épin-dependent scattering
was observed to persist for hours after the removal of optical excitation;

indicating the existence of a conducting dislocation band with a'very

long lifetime.



Electron paramagnetic resonance (EPR) (I) has been used widely, and
with a great deal of success, in the study of defects in semiconductors.
Valuable information can be obtained not only about the identity of a
defect, but sometimes also about its microscopic structure. Corbett
et al. (2) give a good review of the extent to which this powerful tech-
nique has been utilized in studies of a long list of semiconductors. ' Of
the elemental semiconductors,:silicon has been most extensively studied,
while germanium, by comparison, has had strikingly few reports of EPR
‘'spectra. The primary reason for this is the inhomogeneous broadening of
lines in germanium which leads to a reduction in signal amplitude. The
broadening results from unresolved hyperfine structure of the Ge73 nucleus,
with a spin I = 9/2 and an isotopic abundance of 7.76%, and, eﬁen more
importantly, from nonuniform strains in the crystal. The strain broadening
is a direct result of the large spin-orbit interaction in Ge (3). The
present work shows that these difficultiés are not insurmountable and
that we can.expect to see the continued successful application of EPR to
the study of defects in germanium.

A number of interesting features have surfaced during the course of
this work.  First, there was the observaﬁion of spin-dependent photo-
conductivity in the germanium samples containing dislocations. Spin-
dependent photoconductivity arises when the number énd/or the mobility of
photo-excited free carriers depends on their spin orientation relative
to that of their recombination and/or scattering centers. Then, there
was the discovery that the spin-dependent conductivity remains long after
the removal of optical excitation. This observation led to the conclusion

that free carriers can relax into a long lifetime dislocation band,
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retaining a non-zero, spin-dependent mobility. Next, the spin~dependent

conductivity along dislocations made possible the measurement of the g-
- tensor of the diSlocétion dangling.bond electrons using the method of
electric detection of magnetic resonance. In this method the mobile
charges are accelerated by a microwave.electric field, their absorption
of energy being directly related to their spin éolarization (felative to
that of their scattering centers, i.e. dangling bond electroﬁs) through
their spin-dependent conductivity. Perhaps the most significant result
of this stﬁdy was the defermination of a small, very well-defined distortion
angle of the dislocation dangling bonds. This determination was made
directly from the symmetry, multiplicity, and splitting of the lines in
the EPR spectrum. There is the intriguing possibiliﬁy that the distortion
.of the dangling_bonds may be the result of a Peierls transition along the
dislocation line.
Béfore going any'fﬁfther, it wili‘be helpful to briefly discﬁés dis-
locations in the tetrahedral'crystal‘structgre. Dislocation lines are
charaéterized'by a Burgers vector giving the magnitude and direction of
fhe displacement‘of one part of the crysfal rélative.to the rest of the
crystal. The part of the Burgers vector parallel to the dislocation is
- the screw component, that pért perpendicular to the dislocation is the
“edge component. The'tﬁo extreme cases - 1007 screw and iOO%.edge - are
illustrated in.Eigure l.vVIn the diamond structure, dislocation lines

run along (110) directions and often have Burgers vectors at 60° 4).
These are the so-called 60°-dislocations and have been studied extensively
(5). They can occﬁr iﬁ ét least two basic varieties, the shuffle set and

the glide set, depending on which set of bonds were broken in the creation

4=



of the dislocation..'lf the bonds brokeﬁ were perpendicular to the dis-
location line, one ends up with the shuffle set; otherwise, one has the
glide set. This Simple picture is helpful conceptually, but in-réal crystals
one encounters many complications, the details of which are not entirely
understood. For example, one can have kiﬁks_in dislocation lines, or

lines of the shuffle set can become associated with stacking faults, or - . ©

lines of the glide set can dissociate into partial dislocations - so long

e

as the sum of the Burgers vectors of the partials equals the Burgers
vector of the original line. TFor the purposes of'discussion, the model
adopted here is thaf of the 60°-dislocation of the shuffle set, pictured
in Figure 2. The figure shows the Burgers vector,'g,‘and the dislocation
line, d, with its row of broken bonds. These aré the sé—called dislocation
dangling bonds, which to first order can be thought of as §p3 orbitals,
each containing one electron with spin 1/2.

It has been expected for three decades that the'dislocation dangling
‘bond electrons should be observable using'maghetié resonance techniques.
It was not until 1964 ;hat Alexander, Labusch, and Sander (7) first observed
.electron spin resonance at dislocation dangling bonds in silicon. The
silicon had been'piastically deformed to increase the number of dislocatiomns -

-2 . . . . .
. Why wasn't something similar seen in germanium?

to a denéity of mlO8 cm
One possibility is that plastic deformation of germanium, although resulting
in high densities of dislocations, may not increase the amplitude of the

signal enough to make it observable, due to increased strain broadening.

Throughout this work, only as-grown crystals were studied, with dislocation
-9 ‘

&

densities ’\le4 cm



Without the aid of large numbers of artificially induced dislocations,

one needs several orders of magnitude greater semsitivity to detect the
spin resonance of the dislocation dangling bond electrons. This greater

" sensitivity was achieved through the use of high-Q microwave resonant

samples and electric detection of magnetic resonance.

Electric Detection of Magnetic Resomnance.

Electric detection of magnetic resonance is most -easily introduced
by analogy to the widely used technique of optical detection of magnetic
resonance 8). Ih the latter, one observes the spin resonance of two |
species giving rise. to recombination luminéécénce by monitoring some
aspect of the luminescence (i.e. iﬁtensity or polarization) which depends
on‘the spin pqlarization of the species. . Infelectric detection, instead
of lqokiﬁg at spin—dependent‘luminesceﬁce, one looks.at-spin—dependent
conductivity.

The sample is plaééd in.the microwave cavity of an EPR speéctrometer.
Optical pumping is used, if necessary, to egcite-conduction electrons.

If the conductivity,chaﬁges during spin resonance, so does the absorption

of energy, by the free.carpiefs; from the microwave electric field. It

is this change in absorption which is detected as a change in cavity.Q,

and in general it can be of-either.sign. If the conductivity increases,

the absorptipn increases aﬁd‘the Q'decreases as for an Qrdihary absorptive

signal. If the conductivify-decreases,_the absorptibn decreases and the

Q -increases as for an emissive signal; |
Dependence of the conductivity on spin polarization can result from

spin dependent scattering processes and/or spin-dependent recombination



-processes. Numerous examples of this effect can be found in the literature.
Honig considered the neutral impurity écattering of highly spin-polarized
carriers in semiconductors (9). He suggested that Zeeman specfroscopy of
the neutral shallow donors could be carried ouf by observing changes in
photo-conductivity occurring during changes in spin polarization. Maxwell
and Honig did the experiment for the case of the phosphorous domor in
silicon. |

The basic idea involved is that the triplet scattering cross-section
(carrier and scatterer have parallel spins) differs from the singlet
scattering cross-section (carrier and scatterer have anti-parallel spins),
and the percentage of triplet scattering events is a function of the spin
polarization. The net result is that the co9du¢tivity is spin dependent
because the mobility of carriers is a function of spin,polarization; |

For a more quantitéfive description, consider the following simple
model. Let

concentration of mobile electrons with spin 1/2

n =nt + nt =

N = Nt + Nv¥ = concentration of scattering centers with spin 1/2
p = (nt -.n¥)/n = spin polarization of mobile electrons

P = (N+ - N+)/N = spin polarization of scattering centers

Xs = gsinglet scattering cross section

Xt = triplet scattering cross section

The probability of singlet scattering is given by (1-pP)/4, and the proba-
bility of triplet scattering by (3+pP)/4, so that the total scattering
cross section is just

X = xs(l—pP)/4+xt(3+pP)/4. | (1]



Ji

"The conductivity is proportional to 1/X. If either one of the spin transi-

tions is saturated, i.e. p.= 0 or P = 0, the change in X is pP(Xs—Xt)/4
and the fractional change in conductivity is
Acjo = pP(Xt —XS)/(X_S+3Xt.). : : [2]

The important points to note are that the absolute value of the change in
conductivity increases with increasing polarization and'increaéing spin
depeﬁdeﬁce of the scattering crossvsection, and that Ao can be of either
sign, depending on the sign of (thXS).

Lepine and Prejean’(jo) reported spin—dependent photoconductivity
in silicon in which ﬁhe number of carriers Qas a function of the spin
pqlarization of their recombination centers. Instead of triplét and
singlet scattering cross—sectibns, one has triplet and_Singlét captufe
cross~sections, and thus a fecombination rate depending on spin. polariza-

tion. The recombination centers responsible were thought to be paramagnetic

" surface centers. Kurylev and Karyagin (711, 12) observed spin-dependent

recombination at surface sites in germanium.

lSpin—dependent photoéonductivity in plastically deformed silicon was
invéstigated by»tWO'groﬁps independently. Grazhulis et al. (13)>
observed, in p-type deformed silicon at liquid helium temperatures, a
resonant decrease in photoconductivity coincident with the spin resonance
of the dislocation spin system.' They attributed ;heir results to the spin.
dependence of the scattering of free carriers by.&islocations. Wosinski
and.Figielski (14) made a similar;observatidn in n-type deformed‘silicoﬁ
at temperatures between 80 and 340 K,.ﬁut attributed their results to épin
dependeht récombination of free electrons at dislocations. Wosinski et al.

(I5) describe a contactless method for measuring the spin dependeht
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photocondﬁctivity in which they monitor the change in Q of a cavity
loaded with the sample. Their contactless method is exactly equivalent
to electric detection of magnetic resonance. Since conventional EPR
results were already available for the silicon dislocation spin system,
both groups were abie to make a direct comparisoﬁ between their spin~
dépendent'photoconductivity spectruﬁ and the EPR spectrum. Spin-dependent
increases in conductivity weré observed by Szkielko (I6) in dislocated
silicon p-n junctions. He attributed his results tb spin-dependent
generation'of.carriefs at dislocations.

The results of the spin-dependent photoconducﬁivity studies of dis-
located silicon were of considerable aid in the interpretation of the

results to be presented here.

Experimental Details.

All experiments were conducted on a 1 cm superheterodyne spectrometer,
a block diagram of which appears in Figure 3. Magnetic field modulation
and lock-in detection were used to record the derivative of the absorption
signal.

Figure 4 is a blowup of the>énd ofvthe waveguide together with a
cross—section of the tunable cylindrical cavity. Optical pumping was
possible through a Windowrat the bottom of the dewar and a hole in the
bottom of the cavity. A PEK 203 mercury vapor arc lamp was used with some
combination of the filters listed in Table 1. With no filters, 0.1 watts
reached the sample. An aluminum shutter was mounted directly beneath
the cavity in the helium bath and could be rotated from outside the dewar

via a stainless steel rod. This allowed the measurement of the dark



SPectfum and of the decay of the light-induced spectrum. The cavity was
éentered between the pole pieces of the magnet, which could be rotated

in the horizontal plane. The field was measured with‘a rotating coil
gaussﬁeter, and had an upper limit of 19 kgauss; Calibration was achieved
using a g-marker of powdered phbsphorous doped silicon embedded in poly~

ethylene, provided by E. A. Gere. All expériments were performed with.

the_sample immersed in liquid helium, usually at temperatures 1.8-1.9 K,

~achieved by mechanically pumping the helium vapor.

Samples were cut from Czochralski-grown single crystals of lightly

doped n-type germanium supplied by W. L. Hansen and E. E. Haller of

Lawrence Berkeley Laboratory. Most of the sémples were cut in the shape

of right circular cylinders using an ultrasonic cutter. They had diameters

of 12.5 mm and heights ranging from 8 to 10 mm. The axis of the cylinder

 was chosen to be either a {(100) or a (110) crystal axis. A few of the
‘samples.were»réctangular parallelopipeds. Results were insensitive to

-surface preparation.

Table 2 summarizes'sample ;haracteristics. Net donor concentrations
were in the range 5 x lO9 to 8 X lO13 cm-s. With the exception of one
dislocation-free sample, dislocation etch pit densities were between 103
and lO5 cmfz, buthere not uniform and should only be regarded as order
of magnitude estimates. Diverse crystal growing conditions were selected
fo study which factors did of'did'not influence the results. All S-
cfystals (see Table 2) were:gfown in oné crystal-growing apparatus,vtﬁe
rest of the crystals in another.r The growth axes of the crystéls were

either (100) or (111), the growth -atmospheres were hydrogen, deuterium,

argon, or vacuum, and the crucible materials were either quartz or graphite.
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-The typical sample was lapped, chemically etched, and mounted with
styrofoan in the spectrometer cavity. When cooled to liquid helium tem—
peratures, the samnle itself becomes a microwave resonant dielectric
cavity with a large quality factor Q = lO5 (27). This high Q was essential
in achieving the required sensitivity.

Two different experimental gebmetries were used. Most often the
- magrietic field was rotated in a plane mnearly parallel te a (110) plane of
the crystal, which is the only plane containing all three principal direc-
tions - (100), (LlO), and (111). 1In the second geometry, the field was
rotated in a (100) plane. The angle between the magnetic field and the
tetrahedral axes was determined by observing the angular dependence of the

electron cyclotron resonances in the sample.

Results.

Two new sets of EPR lines (78) were observed in optically excited
n-type germanium samples containing dislocations: 24_narrow lines (14
gauss peak-to-peak-derivative width), and four brqad lines (20lto 60 gauss
peak-to-peak). Both spectra are associated with electrons at dislocations.
The lines persist fof houre after exciﬁation and can be of eiﬁher sign,
i.e. absorptive or emissive. When the magnetic field is along a (100)
~axis, all 28 lines converge to the simple spectrum centered at g =.l.6
shown in Figure 5, adjacene to the ersenic donor hyperfine structure.

As the magnetic field was rotated away from the (100) axis, the
lines proved to be highly anisotropic. Figure 6 is a plot of.the angular
dependence of the 24 narrow lines when the magnetic field was rotated

approximately in the (110) plane. The spectrum consists of four main
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branches - two with six resolved lines each, gq@»two branches_which‘gppear
to ha&é oniy three lines bﬁt actually become resolved.into six when the
magnetic field is rotated in a different plane. The overallvsymmetry of

~ the four branches is that of the four (111) axeé, so each (111) axis |
coﬁtributes six narrow lines. The two branchés with six resolved linés
each Qould have becomg superposed had the ﬁagneti; field been_exactly in
the (ilO) plane. The line intensitiesvfrom each of the four (11l1) axes
are in general not equal, the relative intensities being sample dependent.

When the magnetic field was rotated in the approximatg (100) plane,

the spectrum in Figure 7 was observed. Again, due to the slight mis—v
:ofienfafion, the contributians from the four (111) axes can be readily

' identified. Because the lower branch in the insert had'anvorder of magni-
tudgvsmaller signal than the upper branch, only four of the six lines

were seen.

Misalignment was an aid in untangling the narrOW'lineé, but near
perfect alignment was needed to be able to track the broad lines over a
large range of.g values. The‘spectrum of the broad lines .is shown in
Figure 8. There is one line per (111) axis, but for.perfect orientation
in a (100) plane there are two pair of equivalent klll) axes.

All the data can be descfibed by an effective spin Hamiltonian con-
téining:only the electronic Zeeman interaction term:

¥ =gH- g8 . : _ . ' v | 31
Hére B is the Bohr magneton, ﬁ the magnetic fieid, githe épeétroscopic
splitting’tensor,’and g the effective spin. The four broad lines.arise
from a épin 1/2 species with g éxially symmetfic about the four (111)

axes with
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g" = 0.34 and gl =1.94 . ' | [4]
The 24-line spectrum is i&entical td one resulting from spin 1/2 siﬁes
with the 24 symmetry axes,

(11D, * a(110), , , [5]
where 1 = 1 to 4 and k = 1 to 6, subject to the condition (111) »(110)= O,
with a = 0;021. The significance of a will be discussed later. The
principal g values for the narrow lines are

g" = 0.73 and g_L =1.89 . | [6]
A comparison with g values for other defects in Ge appears in Tablé 3.

Neither the four-line spectrum nor the 24-line spectrum was seen

prior to illuﬁiﬁation of thevsample. Radiation from the 300 X window was
sufficient to. induce both spectra, but the effectiveness of this mode of
excitation was sample dependent. Beﬁween 10 and 1000% enhancement coﬁld
be achieved by optical pumping with a mercury vapor arc lamp through a
2vmm thick room temperature Ge filter,>the’size of the enhancement being -
sample dependent. Typically, éamples in which the window radiation was
least effective underwent ﬁhe largest enhancements. The intensity of the
light had a pronounced effect on the shape of the .lines. Figure 9 shows
the effeqt of placing a 10 db neutral density filter in front of the lamp.
The linesvwere ﬁbsént during illuminatioﬁ with the totally ﬁnfiltered4arc
. lamp, but were maximized affer suchvillumination.b Presumably, ihe holes
created while pumping above the band gap combine with déngling bonds to
cause extinction of the signal. The set of long pass filters listed in
Table 1 was used to determine the photon energies required for sighal"

enhancement. Each long pass filter was used in conjunction with the Ge
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filter and the 20 db.neutral density filter. The size of the arsenic
hyperfine structure was monitored to check for any changes in coupling
of the mode to the cavity. The results are shown in Figure 10. Enhancement

sets in at abphoton energy of about 600 meV.

Varying the microwave power into the cavity had a pronounced effect

__'on the shape of the lines. Figure 11 shows one of the broad lines at

(a) 0.5 x 10-'8 watts and at (b) 0.5 x 10-"6 watts. At low power the ambi-

guity as to the sign of the line is eliminated. Figure 12 compares several

of the narrow lines at (a) 0.5 x l0-8 watts and at (b) 0.5 x 10_7 watts.

All samples showed qualitatively the same - behavior,. but due to variations
from sample to éample a quantitative stud& was not attempted.

Since optical gxciﬁation was reéuired to induce the lines, it was of
interest to study the de;ay of the spécfrum after thevremoval.of the
eﬁcitation s0urcé. In general, the‘signal‘amplifude decreased during'the‘

first 20 minutes after closing the shutter and then levelled off. The

- amplitude was monitored for up to thfée hours 50 minutes, and once it had

levelled offvit showed no signs of further decay. The percentage drop in

.the first 20 minutes was sample dependent but typically fell into the

'range 60 to 80%. Time dependences for two samples at opposite ends of

this range are plotted in Figure 13. The absence of any electron cyclotron
resonance signal confirmed that there were no light leaks.  EPR of an
equally long-lived photo-induced excited state has been reported for

dislocated Si (22).
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Relation to Dislocations.

How does one know that these two new spectra arise from electrons at
dislocations? The first piece of evidence is the failure to observe the
spectra in a dislocation-free sample. All thevother characteristics
(see Table 2) of that sample were the .same as for crystals which did give
the new lines; in particular, normal shallow donor hyperfine structure
and éyclotron resonance signéls were observed.

Further evidence that the new spectra are related to dislocations is
the large discrepancy between the line intensities from each of the (111)
axes. This behavior is explicable for a distributién of spins on‘line
defects, but not point defects. If the spins were distributed on isoiated
point defects, the (111) directions, being equivalent, would each have a
probability 1/4 of being occupied, and one would see very nearly equal
contributions from thg four axes. In the case of dislocations, however,
once.they begin to nucleate in the plane perpendicular to a given axis,
it would require energy to turn out of that plane. The result is a pre-
ponderance of dislocations in one plane. The line intensity from one of
the (111) axes was typically five to ten times that of the others. The
extreme case was the vacuum-grown crystal; in which a signal was observed
exclusively from one axis. Another interesting casé was the (111) grown
.cryétal in which no signal was observed from the growth axis, i.e., there
. were no dislocations perpendicular t@'the gfowth axis.

'Addifional evidence linking the new spectra to dislocations is the
symmetry of the 24-line spectrum. Expression [5] for the symmetry axes
speéifically relates each (111) axis to the three (110) axes perpendicular

.to it. As already mentioned, dislocation lines in the tetrahedral

-15-



-

strneture run along (liO)’directions,_so»;hewresults'are»eonsistentlwith
a model in which the signal is due to dislocation dangling bonds which
are nearly perpendicular to the dislocation lines.

Yet another connection to dislocationsbis seen in the sign reversal
of the lines in crystals grown in hydrogen and/or deuterium atmospheres.
For the usual EPR magnetic diﬁole absorption lines, as detected by the
magnetic fieid'of the cavity, eign reversal could result from an inverted
spin population created by spin dependent relaxation processes present in
the optical pumning cycle. This interpretation, however, cannot expiain
the persistence of the lines for hours after removal of optical excitation
and efter'repeated paesage through spin resonance. The signal reversal
can be underetood within the framework of spin dependent conductivity and

electric detection of magnetic resonance. Figure 14 is a blowup of a

dislocation line, showing schematically triplet and singlet scattering of

two photo excited electrons by dangling bond electrons. Recall that the

relative magnitude of the singlet and triplet scattering cross-sections

determines the sign of the lines. According to this model, crystals.
groWn in_hydrogen and/or deuterium have a larger singlet scattering cross-
sectiqn, while the opposite is true for vacuum— Or argon-grown crystels.
Although this difference is most likely due to the presence of hydrogen

at dislocations, the detailed mechanism by which the hydrogen changes

the scattering croes-secrion is not known at this time. The fact that
the effect persists long after the decay of free carriers, es evidenced

by the decay of the electron cyélofranﬁregonance'siéﬁiigrénggests'rhgf;”“

some of the electrons may get trapped by dislocations and still retain

_somehmobility albng the dislocation lines (23). It is these mobile
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electrons which may be giving rise to the four—iine spectrum, although
the possibility that a different scattering center is responsible has not
been ruled out.

~ One may argue that not a single piece of evidence presented thus far
‘is very conclusive as to the origin of the lines.. When taken together;
however, thef Build a convincing argument for the interpretation that the
spectra are the electrically detected magnetic resonance of electrons at
dislocations. The next step is to try to deduce from the results something’

about the microscopic structure of the dislocatioms.

Distortion of the Dislocation Dangling Bonds.

Returning to expression [5] for the symmetry axes of the dislocation
dangling bond spéctrum, the quantity o is a measure of the deviation of
the axes away from a (111) directioﬁ‘ Figure 15 shows the six possible
tilt directions associated with the {(111) axis. Since the anisotropy of
“the g-tensor results from the anisotropy of the orbital contribution to g,
the g~tensor symmetry axis coincides with thé dislocation dangling bond
axis. Let & be the angle between the disloéation dangling bond and the

{111) direction. Then

T 2 -k
cos 5 = LD [Ll_%_ll +0.021 QO—)] (1 + 0.021%7% [7]
3 V3 V2
or § = 1.2°

The 1.2° tilt of the dislocation dangling bonds may be an intrinsic
distortion characteristic of the dislocation or it may be the result of
a Peierls-like instability. There are several distortion geometries,

shown in Figure 16, consistent with the data: (a) All dangling bonds in
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one dislocation are. tilted in the same direction, and along the»disloca—
ﬁion line. (b) The dangling Ponds are tilted alternately in opposite
directions along the dislocation line. (c¢) The dislocation dangling bonds
are tilted in theidirection of the Burgers vector. In principle, oﬁe
could test for possibility (c¢) by selectivély inducing dislocationsvin
one direction and then'obserQing the tilt direction in the EPR g-tensor
axis. | | | |

The distortipn shown in Figure 16(b) is what one would expect if the
system had undergone a Peierls-like transition. Peierls (24) showea that
a unifbrmly spaced linear chain of atoms with one electron per site
uﬁdergoes a spontaneous dimerization; A cémﬁletely analogous instability
occurs in auniformly spaced linear chain of spins coupled by nearest
neighbor antiferromagnetic exchange. In_this spin-Peierls transition
the uniform antiferromagnet is.unstable with_respect to spin lattice
dimerization into an.alternating an;iferfémégnet (25). Iﬁ”is unclear at
this time which; if.any, of these Peierls transitions is téking place
along the dislocations in Ge. Graéhulié, Kvedef,'and Osipyan (26)
' observed a‘dramatic drop in the magnétiC‘susceptibility ofbthe‘disldcation
spin system in silicon at T = 50 K. They interpreted this drop as being
due to an instability with respect to the paifing of neighboring dangling
bonds to form singlet pairs (S = 0). Unfortﬁnately,.the uée of the Ge
sample as a high1Q cavity;preéludes‘such a temperature dependence study

in this case.
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Conclusions.

The results presented here were all obtained using as-grown crystals
and consequently reflect the properties of_diélocations formed during
'cryétal growth, as opposed to those created via plastic defdrmation. vThe
| detection of such low.dislocation dénsities was only possible through the
use of the ultrasensitive techniques of high Q self-resonant samples and
electric detection of magnetic resonance. |

No paramagnetism was observed in the ground state (i.e., in the
absence of optical ekcitation). There are two equally acceptable explana-
tions for this. The first is that the spins are all paired, leaving an
S_= 0 configuration. The second is that the spins are éo few in number
-that they can only be electrically detected, this requiting the prior
introduction of current carriers. |

Paramagnetic centers were observed in optically excited crystals.
Some of these centefs had the'symmetry of thé dislocation dangling bonds,
with a six-fold 1.2° distortion. The others had the symﬁetry of the
(111) crystal axes, and may be the photo-excited electrons conducting
along dislocations. The sign reversal and excitation-decay properties
of the lines support the conclusion that free carriers become trapﬁed in
a long-lived dislocation conduction band with spin-dependent mobility.
There was no evidence of the suﬁerparamagnetism (strings .of spins doupled
to form S > 1/2 species) reported by Schmidt, Weber, Alexaﬁder, and
Sander (27) for dislocated Si.

Finally; this same technique has been extended to study the inter-

action of impurities with dislocations. Specifically, lithium diffused
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into_a_germanium_crystal results in an. entirely new dislocation spectrum

(28), presumably due to a lithium ion-dislocation dangling bdﬁd:complex.
I.would like to thank J. W. Bray, E. E. Haller,’A; M. Poftis,

L. M. Falicov, and C. D. Jefffiesbfor many useful’commenfs on this work.

I am also g;ateful to W. L. Hansen and E. E. Héllér for prdviding the

Ge crystals. This work was supborted by the Director, Office of Energy

Research, Office of Basic Energy Sciences, Materials Science Division of

the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.
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Germanium filter - 2 mm thick

"Table 1.

List of Filters

Neutral density filters - 3, 10, 20, 30 db

Long wavelength pass filters -

Wavelength Wavelength Transmission Material

5% 50%
A 3.4600 3.5400
B 2.9000 2.9495
C  2.4340 2.5087
D 2.0500 2.1100

Wavelengths in microns.

Transmission at maximum.

907%

637%

Ge
Ge
Sapphire

Glass

Size
1" D
1" D
1" D
1" D

Long pass filters purchased from Valtec Corporation.
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Thickness
0.040"
0.037"
0.060"

0.040"



L)

.Boule
Number Axis

s-1

S-2
S-6
S-6
464
574

518

139
400

C:

7 (100>

9  (100)

1 (100)
2 (100)
(100)
(100>
(100)
(100)

111y

Growth

Table 2.

Sample Characteristics

"Dimensions,

Atmosphere Crucible

H,

Vacuum

Argon

Quartz

Quartz

" Quartz
Quartz

Quartz

Quartz .

' Quartz
- Quartz

Graphit

Right circular cylinder; R:

Shape

12.5mm D C

8x10x10mm R
6x8x10mm
12.
12,
12.
12,
12.
12.
12.
e 4x10x11lmm R

5mm
Smm
Smm
Smm
S5mm
Smm

Smm

D

U U v o oy

R
c
C
C
C
c
C
C

Orienta-~

tion

(100
(100)
(110»
(1109
(110)

(110)
- (100)
(110)

(110>

. €110?

(110?

Np=Ny

8x10

N
(cm™3)
13

7x1012

2XlO12

lxlOlZ‘

3xlO12

5%10°

lxlO12

2x10%2
12

4x10

Rectangular parallelepiped; D:
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Etchpits
(cm™2)

2xlO4

0
2x10
2x10
6x10
5x10
1x10
1x10
5x10

w &~ &~ &~ W W W

Diameter.

Donor

As

As
As
As

-~

L2 o v I v



Table 3. Spectroscopic Splitting Factor in Ge

Center gl gy gi g(100) Reference
4-line spectrum 1.94 0.34 1.59 This work
24-1ine spectrum ' 1.89 0.73 1.60 This work
Substitutional P 1.93% 0.83% 1.563 1.647 3 '
Substitutional As 1._928 0.87°% 1.570 1.647 3
Substitutional Sb 1.561 19
Substitutional Bi ' 1.567 3
Surface Sb 1.917 0.83 1.636 19
Li0 Complex , 191 0.85 1.63 20
Intrinsic Surface State 1 v 2.008 11, 12
Intrinsic Surface State 2 2.003 11, 12

Conduction Electron 2.07¢ 0.98° 1.71¢ 1.78° 21
s: Determined from experiments on stressed crystals.

. @: Calculated values.

1: 1Isotropic value gz =1/3 g +2/3 g
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Figure Captions

Figure 1.
Figure 2.

Figure 3.
Figﬁre 4.
Figure 5.

Figure 6.

Figure 7.

.Derivative curves of EPR in As doped Ge (Boule S-17, N

Dislocations of the screw and edge types.

Germanium crystal structure including one 60°-dislocation line,

. d, with its row of dislocation dangling bonds, and Burgers

>
vector, b. ' See reference 6.

Block diagram of the apparatus.

Blowup of the tuneable cavity showing position of sample.
pNA =
8 x 1013 cm_3).' Magnetic field is oriented along a (100)
directién. T = 2°K; f = 25.16 GHz. Note the sign revérsal
Qf the new lines as compared to the As hyperfiné structure.
Dislocation density %2 x 104 cm—z.

Angular dépendence of the g-tensor for the néfrow'new‘lines

12

in a sampie of P doped Ge (Boule 518, N - = 10 cm—3) as the

p™N4
magnetic field is rotated in a plane tilted ~3° from a (110)
plane. 'Inéert-shdws the cohtinuatidn’of thevlines for low
values of g near (110). No data were taken for g<1l, corre-
sponding to H >19 kG, the limit of»the magnet used. T = 2°K,
f = 26.06 GHz, dislocation density 410% cn™?. The dashed
line shows a portion of one of the four broad lines.
Angular‘dependence’of the g-tensor for the narrow lines in a
3

1
D—NA-— 8 x 10

sémple of As doped Ge (Boule S$-17, N cm—3) as

the magnetic field is rotated.in a plane tiltéd ~3° from a

(100) ﬁlane. Inséft shows the continuation of the-lines for

low values of g near (110). 'T ? 2°K, f = 24.37 GHz, dislocatioﬁ
density =2 x 104 cmfz. .The dashed 1ipes show parts of two of
the four broad lines.
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Figure 8.

Figure 9.

Figure 10.

Figure 11.
Figure 12.

Figure 13;

Figure 14.

Figure 15.

Figure 16.

Angular dependence of the g-tensor for the four broad lines

3

in a sample of As doped Ge (Boule S-17, N =8 _x.lOl

p A
cm—3) as the magnetic field is rotated in the (100) plane.
T = 2°K, £ = 24.36 GHz, dislocation density =2 k 104-ém_2.
Dependence of line shape on excitation intensity, (a) ten

times the intensity of (b).

Comparison of the amplitudes of the arsenic hypérfine structure
(——0——) and the dislocation lines (——x%——) as iong pass
filters of successively highér energies are used. Filters

are indicated along the energy axis at their 50% wavelength
energy.

Effect of microwave péwer in the cavity on the broad liﬁes.

(a) 5 x 1077 wates. (b) 5 x 107/ watts.

Effect of microwave power iﬁ the cavity oﬁ the narrow lines.
(a) 5 x 1977 wates. (b) 5 x 107° watts.

Amplitude vs. time after closing optical shield. (k) Boﬁle
139. (*) Eoule S-17.. (o) arsenic hyperfine structure for
comparison.

Spin dependent scattéring of photo-excited electrons (bold
arrows) by déngling bonds along a dislocation line.

Projection of the Ge crystal structure onto the (111) plane.

The heavy labelled lines are the (110) axes in that plane.

The six arrows, not to scale, are projections of six of the
symmetry directions of the g-tensor for the narrow new lines.
Several possibilities for the projection of the dislocation
dangling bonds onto tﬁe (111) plane. The dashed lines are

dislocations.
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Figure 9
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_ Reference to a company or product name does
not' imply approval or recommendation of the
product by the University of California or the-U.S.
Department of Energy to the exclusion of others that
may be suitable. ‘

~




Wi fnevThe
AR

'FECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA

© - BERKELEY, CALIFORNIA 94720

2

i

o W



