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Vacancies and interstitial atoms in e -irradiated germanium
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High purity Ge wafers have been irradiated at low temperatures with MeV electrons and have
subsequently been investigated by x-ray diffraction methods. The intensity of the Huang diffuse
scattering shows that a high concentration of defeets@° cm2) can be frozen in at 4 K. A large
fraction of the defects is stabilized in the form of close Frenkel pairs which are characterized by the
nearly perfect cancellation of the long range displacement fields of the interstitial atom and the
vacancy. We discuss the absolute size of these displacements as well as the introduction rate of the
defects, which is of the order &=3 cm L. The high defect introduction rates are at variance to

the results of electrical and optical investigations and indicate that these methods detect only a few
percent of the total defect concentration which is produced and frozen in at 4 K. The consequences
for the understanding of the defect production in Ge and for the assumption of an athermal
migration of interstitial atoms are discussed in close relation to similar results for Si. In addition, we
discuss the differences between the defect patterns observed #fteradiation to those observed

after room-temperature irradiations and the thermally activated defect reactions up to the final
annealing at 600 K. ©1999 American Institute of Physids$S0021-897¢09)04407-2

I. INTRODUCTION values for an effective threshold energy seem to be around
25 (Ref. 5 or 30 eV® Hence, for typical electron energies of
Point defects determine the electrical properties of semig ,~1.5 MeV, introduction rate§~1 cm ! are expected.
conductors and the elemental semiconductors Si and Ge hagch values are observed foitype Ge, but forp-type and
therefore been investigated in great detals the thermal intrinsic Ge, the introduction rates are by at least two orders
equilibrium concentrations of the intrinsic point defects, va-of magnitude lower. The low introduction rate has been
cancies and interstitial atoms are very low, most informatiorexplained—similar to Si—by a low temperature athermal,
has been obtained from low temperature electron irradiatiofonization-induced mobility of the interstitial atoms which
experiments which produce pairs of vacancies and interstitiajields a direct recombination of most of the Frenkel paits.
atoms, Frenkel paird=P9, in a reproducible manner. Ge was This model is supported by indications for an enhancement
one of the first model substances for the investigation obf the defect mobility’'s by ionizing radiation at low
irradiation effects in semiconductérsand some basic elec- temperature$®* Defects seem only to survive if the inter-
trical properties have been determined in early experimentstitial atom escapes direct recombination and arrives at an-
independent of the initial doping Ge becomes highly ohmicother trap(e.g., a dopant atopand forms a stable complex.
and p type after high irradiation dosésfor n-type Ge, a  Although there is at present no information on the structure
defect introduction rate for 1 MeV electrons oE or the properties of the isolated interstitial atom or the inter-
=0.66 cm! was deduced from electrical conductivity stitial dopant complexes, there are indications for the inter-
change$ which is quite close to later result of action(kick-out or trapping of interstitial atoms at low tem-
~1.0 cm! from deep level transient spectroscopy peratures with group-ll{Ga) as well as group-(As, Sh
(DLTS).® In addition, the formation and decay of vacancy- dopants:>~** Nevertheless, these are indirect conclusions
oxygen complexes at low temperatures was investigated bgnd the explanation of the low apparent introduction rates by
optical absorption spectroscopy With the increasing tech- an insensitivity of the applied electrical methodspitype or
nological dominance of Si, the majority of investigations onintrinsic Ge cannot be excludéd.
defect properties changed to Si and this change was addition- Considering this uncertainty about the defect scenario
ally motivated by the applicability of the electron paramag-after low temperature irradiation, it is not astonishing that the
netic resonancéEPR to silicon! Nevertheless, there are defect mobility’s and defect reactions during low tempera-
many defect properties controversially discussed even in Sure annealing are controversially discussed, too. Most infor-
and in spite of some differences these open questions are tiheation is available fon-type Ge and a first annealing stage
same for Ge. at 65 K is attributed to the recombination of close Frenkel
The published threshold energies for defect productiorpairs due to interstitial mobility:® Vacancies are expected in
vary between 13 and 30 e¥? however, the most reliable the charge state¢?~ or V™ in n-type Ge, and based on the
optical detection of vacancy complexes, the mobility of these
JElectronic mail: p.ehrhart@fzjuelich.de vacancies is attributed t(i)eannealing temperatures of POK
bPresent address: Siemens Matsushita Components, D-89508 HeidenheiRtween 100 and 120 ¥° These reaction temperatures cor-
Germany. respond to activation energies of 0.2-0.3 eV. The electrical
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data of Emtsewet al® yield, however, a higher activation andf is the atomic scattering factor. Due to the?ldecrease
energy,V ™ : 0.42 eV. There seems to be general agreementf the long range displacement field around a point defect,
about the mobility of divacancies around 400 K. For intrinsicwe obtain the characteristicd®/ decrease 08,,.

or p-type Ge, we expect the vacancy in t& charge state

and Emtseet al® suggest an activation energy for migration Sy=cfA(G/a) (VALY VI +y @@ +yPIP]. (1)
of 0.52 eV which is in agreement with recent perturbedy  Q is the atomic volumey!) are factors which depend on the
angular correlatiofPAC) result which observe the trapping elastic constants and the directionsppénd G, andII() are

of vacancies at In atoms not below 200tKThe annealing of quadratic expressions of the components of the dipole force
the different DLTS spectra and their possible associationensor,P;;, which generally describes the elastic displace-
with different defect charge states have been discussed ment field of a defect:

detail*®
As most of these spectroscopic studies are limited to low [V =L(Trp)2;, 11@= %E (Pyi—Pj; )2
defect concentrations or irradiation doses ®t( i>]
<10'e /cn?), there is little known about the fate of FPs at (2

higher doses, which is most relevant to the understanding of T1(®=2> (P;;)2.
defect reactions after ion irradiations. Starting from the as- =]

sumption about interstitial mobility during low temperature gy the measurements in different directionscpind/orG,
irradiation, there are two possibilities, i.e., the defect concenthese parameters can be determined separately. The values of
tration saturates as there are no traps(kdturated trapsor 112 and 1® determine the symmetry of the long range
larger clusters are formed around the impurities as nucleatiogjsplacement field of the defect, e.g., both parameters are
centers(unsaturable trapsThere is evidence for the forma- zero for cubic symmetry and both parameters #@ for

tion of small defect agglomerates after very high dose irragrthorhombic symmetry.

diations in the high voltage electron microscopét( For the following, the parametét!) or the trace of the
=10 /cn),*® however, there are at present no quantita-gipole force tensor is the most important parameter as it
tive results on the nucleatiofintrinsic or extrinsi¢ and  characterizes the strength of the displacement field and it is

growth of these clusters. The present investigation is basegirectly related to the relaxation volume of the defect:
on x-ray diffraction techniques, as these methods yield infor-

mation on defect concentrations and defect structures and are V®=TrP/(3B), B=bulk modulus. (©)
applicable just within this gap of irradiation doses. In addi'NegIecting the contribution dff @ andI1®, we can write
tion, first tests showed that the defect concentrations in Ge

are large enough for an application of the metfdd. Sy~c(V'®)*G?q>. 4

In the following section we give a short introduction to Hence,S,, yields the product(V'®)2, and by combination
the experimental methods and in Sec. Il we present the exgjith the change of the lattice parametam/a~cV'™®/3, the
perimental results. These new results are discussed in S&g;o unknown numbers andV'™ can be determined both. As
IV and are finally compared to similar investigations for we consider FPs, the experiment yields average values from
S#*~?*in order to elucidate some general trends. the contributions of interstitial atoms and vacancies:

Su~c[(VE)24+ (V)21 and Aala~c(VE+V®). (5
Il. EXPERIMENTAL METHODS H CL(ViT) "+ (V)] (Vii+V,). (5

Th i h h f ith ite signof
A. X-ray diffraction ese equations show that defects with opposite sigi'®

can cancel inAa/a, however, the diffuse scatterirfgy; adds

If point defects are produced within a crystal, they in- up. ThereforeS, is a measure of the changes of the defect
duce first an overall expansion or contraction of the latticeconcentration even whetka/a vanishes.
which yields a change of the average lattice parameter and a This approach will be modified if the basic assumption
corresponding shift of the Bragg peaks. Second, they inducef a random distribution of defects is no longer valid. Gen-
local displacements of the atoms from the average lattice anerally, c must be replaced in Eql) by the Fourier transform
as a consequence there is no longer perfect destructive intesf the concentration fluctuations which yield deviations from
ference between the Bragg peaks and there arises a diffutfee characteristic & behavior ofS, . We have to consider
scattering intensity. The investigations of the diffuse scatterhere two special situations:
ing intensity and of the change of the lattice parameter were (i) For the case of a clustering of defects, we observe a
performed with ClK ,; radiation at a measuring temperature stronger increase db,; at small values ofj, and if and the
of 8 K (for details, see, e.g., Refs. 24 ang).25 total defect concentration is kept constant, a final enhance-

The theory necessary to exploit the information con-ment:
tained in the measured diffuse scattering cross se@&ia _ .
well documented® and for small deviationgg, of the scat- Su(clustep=nSy(single defedt, ©)
tering vectork, from a reciprocal lattice vectof;, we ob-  nis the number of defects in the cluster. Due to this enhance-
serve the so-called Huang diffuse scatterit$DS). The  ment HDS can very sensitively indicate the onset of cluster
scattering cross section of the HDS is given By(k) formation.
=cf?|ks(q)|?; s(q) is the Fourier transform of the displace- (i) A close FP presents a special defect correlation as it
ment field of an isolated defeat,is the defect concentration, combines defects with opposite signsofwhich are sepa-
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4 {} q/G
=4 Rl t K.
] 3 % ® FIG. 2. Scattering intensity close to tk®11) reflection of sample Ge-3 as

measured at 8 K. The direction of the deviation veads parallel to the
FIG. 1. Schematic view of the overlapping displacement fields of interstitialreciprocal lattice vectoG. The background is identical before irradiation

atoms and vacancies. The open arrows show the outward displacements@id after annealing at 600 K and the irradiation dose was 2.05

the interstitial atom, the filled arrows visualize the inward relaxations aroundx 10'%~ cm 2

the vacancy, and the magnitude indicates the size of the displacements. The
displacements are additive between the defects and compensate at large

distances. Ill. EXPERIMENTAL OBSERVATIONS
A. Defects afte r 4 K irradiation

o ) o Figure 2 shows an example of the irradiation-induced
ratgd by a certain minimum distance. Such a pair is charaGncrease of the diffuse scattering close to tB&1) reflection
terized by large additive displacements between the vacangy sample Ge-3. The background is due to the thermal dif-
and the interstitial atom and compensation of the displacey;ge scattering and contains some tail of the Bragg peak
ments at larger distanceBig. 1). These displacements yield \yhich is several orders of magnitude higher in this plot. As
a decrease OI the mtensgy at smalvalues as discussed in {hege intensities have been shown to be generally indepen-
detail for InF* and GaAs. dent of the irradiation within=1%, the defect induced scat-

tering is directly obtained after the subtraction of this mea-
sured background. The scattering cross sections obtained

o after calibration are plotted in Fig. 3 for t{¢00 and(512)

B. Samples and irradiations reflection. In order to compare the observed intensities di-
[001]-oriented samples were cut from Cz-grown highrectly to the expectation for a HDS behavior, the cross-

purity Ge crystals with a room-temperature resistivity of 50sectionS is multiplied by g. In contrast to the expected

Q cm. They weren type with a carrier concentration of  Straight line we observe a strong decrease of the intensity at

=1.2x10" cm 3. Sample sizes were ¥5x0.5 mnt. small values ofy and a pronounced asymmetry of the inten-

With the given nearly intrinsic conductivity only a small Sity for positive and negative deviations from the Bragg

shift of the Fermi level can be expected after very low dosegeak. From these features of the intensétge Ref. 24 for a

and we have highly ohmic Ge over the full range of dosedletailed discussion of the example of JnRe can conclude

investigated here. The irradiations were performed with 2.5

MeV electrons at the Jigh irradiation facility’® with current _

densities between 5 and }A/cm? (for details see Table) | 8~ : — .

After the low temperature irradiations, the samples were -
transferred to the measuring cryostat without intermediate é s Ge-3
warning. Measurements were performaéd& within a He s 00 =— G117
gas atmosphere. ® —o-— (400)
Lot :
b
N
o Ml -
TABLE |. Samples and irradiations. ng_
o]
Irrad. dose e -energy Current density Irrad. temperature 2 0 . . .
No. (10%/cn?)  (MeV) (nAJCm?) (K) 0.10 -0.05 0.00 0.05 0.10
Ge-1 1.05 25 10 4 q /G-
Ge-2 1.6 25 7 4
Ge-3 2.05 25 7 4 FIG. 3. Scattering function of the HDS,,, close to the511) and (400
Ge-4 2.9 25 10 4 reflection of the irradiated sample Ge-3. The scattering function has been
Ge-5 1.0 25 7 330 multiplied by g2; for such a plot 0fS,g?, a constant value is expected for

isolated point defects.
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FIG. 6. Angular distribution of the symmetrical part of the scattering inten-
sity around th€400) reflection of the irradiated sample Ged.is the angle
between the vectay and the reciprocal lattice vect@ and similar to Fig.

5 average values are given fqivalues between 0.1 and 0.23° &

FIG. 4. Symmetrical part of the HDS observed close to(81) reflections
after different irradiation doses.

that there is a dominant contribution of close FPs with a(400) reflection. As this intensity is averaged-at— values
typical distance of 1-2 lattice constants present after irradiaef g and the intensities are symmetric relative to f460]
tion. The characteristic compensation of the displacememdirection, this plot is shown as obtained after additional av-
fields due to interstitials and vacancies has been schematraging over all four equivalent quadrants around the Bragg
cally shown in Fig. 1 and yields the decrease of the intensitpeak. There is no line of zero intensity as would be expected
at smallg values; however, a determination of further detailsfor cubic or tetragonal defects and the deduced low defect
by a fit of defect models to the data seems not convincingymmetry supports the model of the Frenkel pair whose long
due to the large number of free parameters for the descriptiorange symmetry is determined by the relative orientation of
of such a displacement field. This situation may change athe pair. Combining all observations we conclude that we
soon as there are detailed theoretical models for the atomigbserve a nearly linear increase §f with irradiation dose
configurations available. Therefore, we concentrate on thep to ®t=3x10'% /cn?, i.e., a continuous production of
symmetrical part of the intensity which is obtained by aver-additional FPs.
aging at+/—q and which is plotted for different irradiation In contrast to the increase &,, we observe only a
doses in Fig. 4. Except for the points very close to the Braggmall change of the lattice parameteka/a<(0.9+0.5)
peak, we observe a linear increase of the intensity with irra>10™°] at a dose of X 10'%/cn?. These changes could
diation dose which is shown for the data averaged over thaot be investigated systematically as the other samples had
given range ofj values in Fig. 5. There is no indication of a larger errors probably due to some irradiation-induced strain.
faster increase at high doses as we would expect for defedthis small but positive change indicates that the outward
clustering and as it is observed for Si. Figure 6 shows thalisplacements around the interstitial atoms are a little larger
angular distribution of the averaged intensities close to th¢han the inward displacements around the vacancies. This is
the opposite sign to Si where for the corresponding dose a
change ofAa/a=(—0.2=0.5)x 10 ° was observed. How-

4.5 —— —— . . . ever, this small value shows that there is nearly cancellation
—~ 40| M Tax i in both cases as shown quantitatively below. The change of
é 35l e ] (Aa/a) can be compared to length changdd], observed
= sol after irradiations with 4.5 MeV electrons up to a highest dose
s >Ur ] of 7.4x 10" /cn?.?° No change was observed for doped
1 25f 1 Ge but for intrinsic Ge a strong initial increase of the length
< 20} - was observed; however, there was indication for a saturation
Loash i behavior already at these low doses at a valuabf~1
: [ ) — 6 .
4 Lol X 107° and the length measurements are therefore in good
«~ . - T . .
o agreement with our observations.
g 0S5 -
\V; 00 1 . Il 1 N 1 1 1 )
0.0 0.5 1.0 1.5 20 25 3.0 B. Defect annealing

irradiation dose (10*° cm?) The defect reactions at higher temperatures were inves-

_ tigated within an isochronal annealing program within the
FIG. 5. Dose dependence of the HDS intensity for electron irradiated Ge

The points represent average values obtained from the intensities measur'é'ae atmosphere of the cryostat. .The hOldIng times at the
at (511) and (400) reflections and are averaged owgvalues ranging from  9Iven temperatures,,, were 15 min and the measurements
0.1 to 0.23 A (Fig. 4. were repeated at 8 K. Figure 7 shows some examples of the
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(3}
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=]

L T L) I L) L) L) I L) T L) T I T L}
—_— +Ta=8K J A Ge2
w)
g 4 - @ T,=100K Ge2 (400) ] L5 -_ . Ge3
= 7 1.0k g
m 3 — o) I te
I S osl
) L N -
= » Z
N’ 2 . }M _ <
N r‘*,._t-o/‘v =R 00
g i e s PR N A 4 a7 i I
~ PO e &
o 1L S ool B B -
o 0.5} i
5] - .
0 [ | AN L1 f v ; 1 -1.0 1 ! 1 ! 1 ! 1
0.00 0.02 0.04 0.06 0.08 0 100 200 300 400 500 600 700
T, K
S 2 K
—~ 4 i 1 FIG. 9. Annealing of the average value of the change of the lattice param-
‘g _- Ge3 (400) —- eter measured for samples Ge-2 and Ge-3.
5 3F .
DA . age values of the diffuse scattering intensity. There is anneal-
z 2 oo e ing already at the first step to 15 K and a first well-
IV ./N_,,,.HJ"" MV established annealing stage is finished around 50 K, and this
S e T L N low temperature stage amounts to about 50% of the defects.
A T TYTY TRy TRy X A,/v . The differences between the different samples show no sys-
Ol b L ey a4 tematic dependence on the irradiation dose and the remain-

0.00 0.02 0.04 0.06 0.08 ing small differences might be attributed to temperature in-

q/G stabilities during the long irradiation times. There are only
FIG. 7. Change of the distribution of the HOSimilar to Fig. 4 close to the small cha_nges between 50 and 100 K where a _Second stage
(400) reflection of the samples Ge-2 and Ge-3 during annealing at the temStarts which extends up to 300 K. The remaining damage
peratures given in the inset. anneals continuously in the range up to 600 K.
The annealing of the change of the lattice parameter is
summarized in Fig. 9. In spite of the large error bars, there is
change of the scattering functio8, during annealing. The an indication of a difference to the HDS: there is no change
most dramatic qualitative change is observed already belowithin the low temperature stage up to 100 K and essential
100 K; the strong increase of the intensity at largefalues  annealing only between 100 and 300 K. This means that
has nearly disappeared. This change indicates that the cloggere are differences between the close pairs annealing at low
pairs have essentially annealed and pairs with larger disemperatures and the more separated FPs, i.e., there is com-
tances or weaker interaction survive. During annealing up tglete compensation for the close pairs and a small positive
room temperaturéRT), there is a further decrease of the difference for the more separated defects.
intensity but there is no indication for an increase of the  Although there is within the errors complete annealing at
intensity at smallq values which would directly indicate a 600 K for the HDS as well as for the lattice parameter, the
growth of larger agglomerates. Hence the dominating defedélectrical resistivity has not yet annealed: as expected, the
reaction is further recombination of FPs and there are On|¥)onductivity had converted tp type during irradiation and
about 10% of the defects left at RT. stayedp type after annealing at 440 Kp=1.2 Q cm, p
Figure 8 summarizes the annealing behavior of the aver~2 9x 10'® cm™3) and even at 770 Kp=45.40Q cm). This
behavior is in good agreement with the observations after
neutron transmutation dopirfy.Hence the initially present
impurities had been transformed by reactions with mobile

100 i
—e— Gel irradiation defects, however, the resulting low concentration

-~ % e Gef | of defect complexes cannot be detected by the XRD

S —+—Ga3] methods.

A 60 o-- Gedl A

(o]

:\4 © C. Defects after RT irradiation

o .

g ) As expected from the strong annealing below RT, the

v q\u\ . defect production at 330 K is much lower than at 4 K, nev-

. ertheless, there is an increase of the HDS as shown in Fig.
Bte Sawes ' 0 in, the distribution is d ibed b imgle? b
0 200 e T 1000 1 ._Agam,t e distribution is described by a simpfe” be-
T (K) havior. In addition, the intensity is very similar to that ob-
a tained afte 4 K irradiation and subsequent annealing to 330
FIG. 8. Annealing of the average value of the HDS as defined in Fig. 5K- The Obse_rVEd Change_Of the lattice parameétara=(2
Data are normalized by their value after irradiation. +3)Xx10 ® is also not different from the value observed
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FIG. 10. Scattering function of the HDSimilar to Fig. 4 as observed close 1
to the(400) reflection of the RT irradiated sample Ge-5. Data obtained after ere / Q
4 K irradiation and subsequent annealing at RT are shown for comparison.

FIG. 11. Values of the relaxation volumeg® and V'™, which are com-
patible with the measured values §f andAa/a; the inset shows all pos-
after irradiation and annealing to RFig. 9. Hence, we sible solutions and the figure shows the range of the reasonable solutions in
simply can assume that it is essentially the same kind of" enlarged scale. The thick line corresponds to the average over all defects.
In addition, there is a thin straight line which corresponds to complete com-

defect which survives Independent of the irradiation and anf)ensations of the displacement fields of the interstitial and the vacancy as it

nealing conditions, and there is no indication of a nucleations observed for the close FPs which anneal below 100 K, and a dashed line
and growth of larger agglomerates due to the higher defecthich represents the defects annealing above 100 K.

mobility during RT irradiation.

IV. DISCUSSION OF THE EXPERIMENTAL RESULTS scattering pattern as discussed in Sec. lll. In order to further
restrict the range of reasonable solutions, we have to con-

A. Quantitative results for the introduction sider the corresponding defect concentrations and there is an

rates and defect strengths obvious upper limit for the introduction rate if we calculate

1. Average over all defects at present 8 K the production cross section for a given threshold enéfgy.

Hence, starting from the possible solutions shown in the in-

The quantitative data for the defect strength and theset we end up with the range of reasonable solutions shown

symmetry parameters are summarized in Table Il. The  ITorS " e main part of Fig. 11. In this range of values, we ob-
have been estimated from the differences between the resu'é%rve only a small difference between the straight,line cor-

obtained from measurements at different reflections. In Ordetresponding to the exact compensation of interstitials and va-

to get a measure for the defect concentration which is Ir]de(';ancies and the exact calculation which yields a difference of

pendgnt of Fhe actuql |rrad|at-|on dose, we use in th_e .fouow'about 5% at most. Figure 12 shows the corresponding intro-
ing discussion the introduction raté=c/®t. Combining

th results from HDS and latt rameter rdin tduction rates as a function of the assumed relaxation volume
ese results o a attice parameter according 8¢ 1o interstitial atom. An arrow indicates the introduction

Eq. és),t.we cart\. d'SpIaE/ all nonlmalglnaryhsolutlpnti OT th'j:’ r{ate which corresponds to the lower limit of the values dis-
quadratic equation system on a circle as Snown In the INSEL QY .0 tor the threshold ener@y25 eV) and which there-

Fir%.' 11. we exc!ud?mall solutions cqrresponding_ toa pOSitiV%re may be considered as an upper limit ®rOn the other

vV, anda ngganv&’i as no theorgt!cal expectatlpn _Supports hand, the inward relaxation around the vacancies is limited,

such a choice. Although the positive value & indicates too. |V =|—0.5 Q| seems to be an upper limit for the
VL .

larger valuels fort.the mterstltlta Ibrelaxaultl)n.;lhan':q'f ’ thers |e absolute value of the relaxation’s considering the experimen-
vacancy relaxations cannot be negligible. Assumivij tal results which have been obtained mostly for metals and

=0, Fig. }1_ylelds an mterstmal_ rglaxatlon_of A2which is . which is consistent also with the discussion of the electronic
characteristic for clusters containing the given number of in-

terstitial at di " tible with int defect lik properties of vacancies in $Ref. 1) (however, there are
erstiial atoms and 1S not compatible with a point detect iK€ .o cant calculations for & which yield a value 0f~0.95(),

which means that there would be no density difference left at

TABLE . Results from HDS and\a/a. the vacancy. Considering these arguments there remains a
limited range for the reasonable values of the relaxation vol-
Pt 23 (V0)? (Aa/a)/dt umes and introduction rates which is indicated by the broad-
No. (10%%/en)  (em™)  HP"  IYIT (10* o) gned jine in Fig. 12, i.e., the final values must be situated
Ge-1 1.05 1.520.30 0.75:0.35 0.12-0.10 0.1G-0.3 around:
Ge-2 1.6 1.46:0.12 0.12:0.40 0.09-0.30 0.5(-0.2 el el .
Ge-3 2.05 1.320.18 0.11:0.50 0.08:0.15 0.45:0.2 ViT=-V, =050 and X=3 cm "

Ge-4 2.9 1.5%0.12 0.450.15 0.16:0.10 0.7G:0.4 .
Ge-5  10aiRT 012003 0.20£0.2 The linear dose dependence of the HDS for doses up to 3

Ge-23 Anneal RT 0.140.04 - 015¢0.2 X 10'%~/cn? (Fig. 5 demonstrates that, in contrast to the
expectation, we observe neither a saturation of the defect
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FIG. 13. Distribution of the scattering intensity close to t460) reflection
of sample Ge-2. These curves have been obtained by subtracting the inten-
sity left at the given annealing temperature from the intensity observed
0.1 L L1 initially at 8 K. The average value for the intensity observed after annealing
0.0 02 0.4 0.6 0.8 1.0 at 100 K is indicated by the dashed line. The dotted lines indicate the

v.rel O extrapolated intensities gt=0.
1

FIG. 12. Dependence of the introduction rateon the assumption on the

relaxation volume of the interstitial atonVff'~—V'™ can be assumed for & dashed line in Fig. 13 yields that about 70% of the FPs are
simplicity). The arrow indicates the value for the introduction rate which closely correlated within 1-2 lattice constants. Due to the
corresponds to a threshold energy for atomic displacements of 25 eV and t’]&rger uncertainties of the measurements of the lattice param-
thick bar indicates the region of the most probable values. The dotted line . .
corresponds to the close FPs which anneal below 100 K. eter, a part of the effect might also be due to a deviation from

the assumed perfect compensation.

concentration at the concentration of the doping atomg- Deéfects which anneal between 100 K and RT

(<10 cm3), nor the beginning of cluster growth at the Within this region about 50% of the total HDS and the
corresponding dose. The observation of more tharotal change of the lattice parameter are observed to anneal.
10" FPs/cni clearly shows that these defects are intrinsicTherefore, the correction for the incomplete compensation is
and not stabilized by impurities. larger (the results fotv'™® are shown in Fig. 11 as a dashed
line) and corresponds to a change\lf?' of about 10%. Us-

ing the same arguments as above we end up with a similar

) ) optimum choice of values:
We observe essentially two annealing stages: one be-

tween 8 and 55 K and a second one between 100 and 300 ¥{®=0.55 Q, V;?=-050 Q, and £=13 cm™
However, the first one is not observed A&, and we con-  These values indicate no dramatic changes during annealing
clude that the defects which recombine within this stage havgnq thus supports the assumptions made above.
perfect interstitial-vacancy compensatiof®'=—V'® (cor-
responding to the straight line in Fig. 1Jand we consider
them as close FPs. These close FPs present about 50% of t%‘e
defects produced and the corresponding introduction rates We first discuss the low temperature stage between 8
are included in Fig. 12 as a dotted line. and 100 K which has been shown to correspond essentially
Assuming that we have only close pair recombinationto the recombination of close pairs. The characteristic scat-
and no rearrangement of the surviving defects between 8 artdring function of these close FPs has been discussed above
100 K, we can deduce a more detailed scattering function ofFigs. 7 and 1B and the different scattering function ob-
the vanishing defects from the difference betw&K) and  served at higher temperatures are shown in Fig. 7. From our
S(100 K), which is shown in Fig. 13. Similar differences observation of the recombination of defects we cannot di-
have also been taken at some additional lower temperaturesctly deduce which is the mobile defect, but considering the
and the difference at 40 K is included in Fig. 13. The simi-evidence for interstitial mobility in the literatuf®™ we at-
larity of the slopes of all differences supports the assumptiortribute this recombination to the mobility of the interstitial
that there is always the same type of defect annealing. Thatom. Remarkable is, however, that there is about 50% an-
extrapolation of the experimental pointsge-0 is shown by  nealing below 55 K whereas the main stage observed by
a dotted line in Fig. 13. This nonvanishing extrapolated in-electrical measurements is observed around 65 K and only
tensity indicates that not all defects are closely correlatedmall additional stages have occasionally been observed
pairs. These defects must be somewhat further separated @amound 14, 27, and 35 K:** This observation supports the
order not to show the totally destructive interference withinconclusion from the large difference in the introduction rates
the region of the measurements. The comparison of this exhat the electrical measurements cannot detect the majority
trapolated intensity to the average value which is indicated adefect, especially the intrinsic FPs.

2. Close Frenkel pairs

Thermally activated defect reactions
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Within the second stagel00—300 K, which is broader (i) The diffuse scattering shows that the displacement
and certainly cannot be attributed to a single defect reactiorfields of interstitial atoms and vacancies in Ge cancel nearly
additional 40% of the HDS anneal and the lattice parametegxactly and we have discussed that the absolute size of the
anneals in parallel. Within this temperature range vacancyelated relaxation volume®/®'= —V'®=0.5Q. At low tem-
migration is expected®'5-¥The defects remaining above perature, a large part of these defects is in the form of close
150 K show no longer an indication of vacancy-interstitial FPs and the total introduction rate is for 2.5 MeV electrons
correlation and therefore annealing should occur via londn the order of$=3 cm . This value corresponds to an
range migration. Nevertheless, we have no indication of theffective threshold energy for the defect productior~80
formation of larger agglomerates of like defects although aV. Except for the small differences in the amount of devia-
detailed analysis of the 10% of the scattering intensity retion from the perfect compensation of interstitials and vacan-
maining at RT implies larger uncertainties. The total numbercies, this behavior is the same as for?s? Although we
of defects remaining at RT 0£10'® cm™2 s still orders of  have investigated here only intrinsic Ge, we can assume that
magnitude above the impurity level and only immobile in- similar to Si this behavior is unchanged for highly doped
trinsic complexes should therefore be considered. From therystals.
intensity distributions of Fig. 7 which indicate some weak  (ji) The introduction rate of these defects shows no indi-
defect correlation up to 150 K, we might attribute the annealcation of saturation up to electron doses of B0*%cn? and
ing up to 200 K to interstitial mobility and especially the we can freeze in defect concentrations of 80*%cnr. This
range 150-200 K to a free migration. The final annealinghigh introduction rate for intrinsic or slightlp-type Ge in-
between 200 and 300 K is then attributed to vacancy migradicates that many electrical methods observe only a small
tion in agreement with the data for the vacancy migrationpercentage of the defects introduced at low temperatures and
energy forp-Si (0.42-0.52 ey’ and the results of PAC e have to ask: why have these high defect concentrations
investigation’ which indicate the formation of In-vacancy not been observed by other methods. From the observed
complexes above 200 K. The attribution of free interstitial compensation of the displacements of interstitials and vacan-
migration to the temperature range between 100 and 200 K igies;, it is obvious that the very precise early lattice parameter
not in contradiction to the latest explanation of the highermeasuremerﬁgcoukj On|y observe small effects and satura-
frequency PAC signal which appears around 220 K by &jon at defect concentrations similar to the doping level. As
self-interstitial In compleX as we have to consider the glectrical and spectroscopic methods rely on charged defects
longer diffusion lengths to the distributed In atoms and posxng/or energy levels within the band gap, we might speculate
sibly a complicated trapping kinetics. Within this scenario gpoyt the FP as an acceptor-donor pair which appears nearly
we expect only small complexes surviving at RT, i.e., esseNpeytral from the outside and consequently these FPs are not
tially diinterstitial atomg and divacancies. Consequ_ently,detected_ Remarkably, such acceptor-donor pair properties as
nearly complete annealing can be observed along with thgel as the compensation of the displacement fields have
migration of the divacancy around 400°R:'*Finally, there  ecently also been found in tight-binding molecular dynam-
is a remarkable similarity between the scattering observegks simulations for Erenkel defects in &i.
after annealing at RT and the RT irradiation Fig. 10. This  (jji) our results can be most straightforwardly explained
observation seems in contrast to the simple expectation thgl, the continuous production of stable FPs and therefore one
during irradiation at elevated temperatures a thermally actiaf the arguments for a high athermal mobility of the intersti-
vated defect mobility in addition to the possible athermaliiz atom which explains a spontaneous recombination is no
interstitial mobility should reduce the stationary defect CONonger valid for Ge. Nevertheless, we cannot exclude this

centration and cqnsequenotly the nucleation probability o, 5cess which can explain a large reaction rate of interstitial
clusters. The fraction of 10% of the damage observed at 8 ioms with dopant atoms during irradiation. Similar to the

might, however, indicate that these small agglomerates mighljy,ation with Si we may have detrapping from vacancies
be directly nucleated due to double displacements as we €%y retrapping of interstitials at vacancies which become the

pect tt;is order of magnitudg of multiple diSplacem’?ntdominant trap type at high dos#s22 Hence, we finally will
event$! for our electron energies of 2.5 MeV and assumingenq up again with dominating close pairs in spite of a high

a threshold energy of 25-30 eV. trapping probability at dopants. As similar arguments must
be applied also for IlI-IV compounds?’ this athermal
detrapping-retrapping reaction might be a quite general be-

V. CONCLUSIONS havior in irradiated semiconductors.

(iv) At the highest doses, we observe some difference to

We have shown that a high concentration of intrinsicSi where an increase of the intensity is observed which is a
bound FPs which had not been observed earlier can be proesult of the formation of defect cluste¥sThis difference

duced in Ge. In spite of their “electrical invisibility,” these indicates a smaller escape probability of interstitial atoms in

FPs may have important consequences for the modeling d@de at low temperatures and/or a higher nucleation barrier for

defect reactions during irradiation or ion implantation andthe formation of small interstitial complexes. However, simi-

annealing. The most important result for the defect structuréar clustering effects might be observed with a factor of 2

and concentration, the possible athermal ionization-inducethcrease in the dose and transmission electron microscope

mobility, and the thermally activated reaction may be sum<{TEM) results indicate that there are only small quantitative
marized. differences. In contrast to Si no clusters were observed in Ge
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