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Vacancies and Self-Interstitials in Germanium Observed
by Perturbed Angular Correlation Spectroscopy
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Trapping of two different point defects produced by electron irradiatioh''4m probes is studied
as a function of the Fermi level in germanium by perturbed angular correlation spectroscopy. The
defects are identified as monovacancies and self-interstitials, respectively. An acceptor state for the
vacancy atFy + 0.20 eV and, tentatively, a donor state for the interstitial close to the conduction band
(Ec — 0.040 eV) is deduced from the trapping behavior. Long range migration of the neutral vacancy
and the positive interstitial takes place at 200 and 220 K, respectively. [S0031-9007(98)05515-X]

PACS numbers: 61.72.Vv, 61.72.Ji, 76.80.+y, 82.80.Ej

The elementary point defects in germanium have attemperature showed a completely flat spectrum proving
tracted intensive research for a long time and numerouthat all of the probe atoms are in a defect-free environ-
results have been obtained, mostly by electrical methodsent, which for the single acceptor In in Ge is the sub-
[1] and capacitance techniques [2]. However, contrary tetitutional site [Fig. 1(a)]. After annealing, the samples
the case of silicon [3], no microscopic identification of ei- were irradiated with 1.2 MeV electrons at 77 K to a fluence
ther the vacancy or the self-interstitial has yet been acconsf 5(1) X 10'® cm~2 producing almost exclusively single
plished. This is due mainly to the fact that methods suitedrrenkel pairs. Subsequently, PAC spectra were measured
to give microscopic information such as electron paramagat room temperature.
netic resonance (EPR) have, for various reasons, only lim-

ited success when applied to germanium. Thus, a definite -0.10
assignment of the collected data to the basic defects and TR T TTT T T
their properties is still missing and interpretation of the re- -0, 15T R
sults has remained speculative.

In this Letter, we present experiments providing micro- -0,10
scopic information on the monovacancy and, to a high de-
gree of certainty, also on the self-interstitial in Ge. This ‘O, 15

is accomplished by the perturbed angular correlation spec-
troscopy (PAC) method, which we perform in the follow-
ing way: The Ge samples are doped within probes
followed by defect introduction via electron irradiation at
77 K. In a subsequent annealing process, the defects are
mobilized and may be trapped at the probes if an attractive
interaction exists. In such a case, an electric field gradi-
ent is induced at the probe nucleus leading to a nuclear
guadrupole interaction measured on f)@* state of the -0,15 TSN B SRR AT
11Cd daughter nucleus by means of a perturpeg angu- 0 100 200
lar correlation experiment [4,5]. Preliminary results were
presented in [6]. time [ns]

Of particular importance is the loW'In concentration
=5 X 10" cm™3, which allows setting the Fermi level by FIG. 1. PAC spectra of variously doped Ge samples re-
the predoping of the samples. This is achieved by usingoil implanted with '''In and annealed a600°C, mea-
a recoil implantation technique resulting in an almost conSured at room temperature. (a)JSb-type, 5 X 107" cm™;

. 1 (b)—(d) after additional electron irradiation at 77 K; (b)
stant depth profile of th€'In atoms up tet um [5]. The n(Sb-type, 1 X 10 cm™3; (c) p(Ga-type, 6 X 105 cm?;
samples were cut from commercial Czochralski-type mategd) »(Ga)-type, 6 X 107 cm 3. Spectrum (b) shows the de-
rial of 300 wm thickness partly labeled as electronic grade fect v4, (415 MHz), (c) shows bothvg, and vy, (415 and
p-type (Ga) andu-type (Sh) material in a wide range of 52 MHz), (d) showssg, only. The overall slope of the spectra
acceptor/donor concentrations was used. Following recoﬂ]ett'”g steeper from (b) to (d) reflects the electronic state of
. . . e substitutional''In/!''Cd probe and not a residual damage
implantation, the sample_s were annealed In-an Ar a_tmosf'rom implantation or electron irradiation [7]. All carrier con-
phere at600 °C for 10 min to remove the implantation centrations given here are nominal valuds — Np| given by
damage. A subsequent PAC spectrum measured at roathe suppliers.
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The central result from these experiments is that, de- A+
pending on the predoping of the starting material, either 30} ]
one or two different quadrupole interaction frequencies ap- \
pear in the PAC spectra;g; = 52(1) MHz and vg, =
415(1) MHz, both with axial symmetry described by the E\o\\
asymmetry parametey = 0 [Figs. 1(b)—1(d)]. These '\OXP

frequencies were obtained by fitting the spectra to the
function O
2
. o
R(t) = Ay ) fiGh(1), (1) 0} ao—o—=o -—D/j e
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with G»(r) being the PAC perturbation functiofi,(¢) = 10'° 1016.1014 10 19136 10°
So + Zzzl S, codw,t). The frequencies, are related n carrier conc. [cm™]  p
to the w, by w, = (n37/10)vo when the interaction FIG. 2. Fractionsf, (squares) and), (circles) of!!'In probes
is axially symmetric [5,6]. Three different fractions of decorated with defectsy; (52 MHz) and vy, (415) MHz
probesf; are incorporated in the fitf; and f, describ- ~ Versus carrier concentration if{Sb)- and p(Ga)-type Ge after

: . electron irradiation. The carrier concentration was determined
ing the presence of defects leadingig, andyg,, and a from Hall effect measurements at about 200 K including the

fraction fo (fo =1 — f1 — f2) due to probes in undis- (gmal|) effect from electron irradiation, see text. Electron

turbed or weakly disturbed surroundings. iradiations were performed at 77 K to a fluence &) X
The defects described by, andv, were firstreported  10'® cm™. PAC was measured at room temperature.

in [8—10]. It was also shown that both components are

oriented along the111) crystallographic direction [10]. _ i
Only speculative interpretations could be given at thaf€ also excluded: A hypotheticel” would be Coulomb

time. It was shown, however, that the formation of bothdtracted by the Ga dopants and the In probes alilge.
defects after 77 K electron irradiation takes place betwee

ilnce the Ga concentration extends to valué8'8 cm3,
200 and 300 K and that the thermal stability extends up t4"€S€ trapping centers outnumber the availabldefects

a region of 400 to 600K [5]. y several orders of magnitude and formation of Ga*

As a key to the defects’ assignment, we make use of@irs would reduce and ultimately cancel thEn-v pair
a recent identification of the defee; by means of the ormation( 1) in conflict with the observation. The avail-

neutrino recoil method [5]. In this technique, the PAC PleV defects can be estimated from Ref. [12]. Here, it
probe''In serves as the primary knockon atom due to dS shown that the low temperature defect introduction rate

. . . 71
recoil energy of 29 eV from a neutrino produced in theSUrviving annealing up to about 200 Kasl cm - -_rf‘k
B decay of the probe’s radioactive precurddin. This N9 this value, a defect concentrationi< 10~ cm™ is
leads to the production of Frenkel pairs with the probe aton@vailable for trapplngblir? our experiment. Thus, one can
residing as the nearest neighbor to a vacancy, resulting e that the observed In-V' pairing must be driven by
an interaction frequency of 52 MHz, which we identify elastic interaction between the oversizédn~ and a neu-
with the defect occurring in the present experiment;

Fral V0 to form In~-V? pairs, whereas the Gadopants fit
|n.y pair. The componenty,, however, cannot be into the Ge lattice producing a much smaller interaction
produced in this way. It will be shown in what follows

to VO,
15 —3 H H
that v, corresponds to a self-interstitial trapped at the | ne factthat, fopy < 10> cm*, no formation off, is
substitutional'''In probe.

apparent can then be explained by a change of the charge
Figure 2 shows the formation gf, and f» as a func- stateV? — V~, which quenches the attractive interaction.
tion of the samples’ carrier concentrationdr p, respec-

Based on this model that'In-V pair formation is possible
tively). This carrier concentration was determined from@nly whenV' is neutral, we can determine tfeacceptor
Hall effect measurements &t~ 200 K on the electron ir-

level Ev,.(—/0) from Fermi-Dirac statistics. The concen-
radiated samples. This temperature was chosen since it ration of ionized vacancielVv,.]~ is related to the total
sulted that trapping of the defects leading't@ndy, takes ~ Y&cancy concentratioiV,.] by
place around this temperature, see below and Ref. [11]. It - _ _ -1
is clearly seen that the occurrencefgefand f, depends on (Nvae ]~ = [1 + gvac € ;{EV“( /9 EF)} ,
this carrier concentrationyf; is present only irp-type Ge [Nvacl kT >
for p > 10" cm™3 with a fraction of about 5% to 8% but (2)
is absent imm-type Ge. We interpret this dependence inwhere gv,. is a degeneracy factor, which we take as 1.
terms of a Fermi level dependent trapping process. SincEigure 2 shows that the transition from a defect-free sur-
the '''In probes (and also the Ga dopants) as shallow aaounding of the/!'In probe to pair formation In-V° takes
ceptors are negatively charged, negative vacancies are gxtace betweenp = 5.6 X 103 and 2.9 X 10 cm™3.
cluded from trapping (or have a very small probability) dueln the first case, we hai&Vyac ™ /[Nvac] = 1 (f1 = 0),
to long range Coulomb repulsion. But positive vacanciesand it follows from Eq. (2) that the Fermi levely;
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must be well aboveEvy,.(—/0). In the latter case, asE;(0/+) = E. — 0.040(20) eV. We favor this ionic
f1 has practically reached maximum, implying thatpairing model but consider it tentative. It is interesting in
[Nvac]™/[Nvac] = 0. In this case,Er, must be below this context that experiments with H-doped Ge show for-
Evac(—/0) and we get an energy window fdék,.(—/0): mation of an InRH complex [10,14] with structural and ki-
Ery < Eva.(—/0) < Ep;. Ep and Er, were evaluated netic properties very close but clearly distinguished from
from the respective carrier concentrationZat= 200 K the defectvy,. The In-H pair is formed by ionic interac-
(Fig. 2), the temperature where the pair formationtion leading to H trapped interstitially at the substitutional
occurs (see below and Ref.[11]). Thus, we obtainin acceptor. This analogy might additionally support our
Ey + 0.16 eV < Ev,.(—/0) < Ey + 0.24 eV, which interpretation of the formation and structure of thelln
we write asEv,.(—/0) = Ey + 0.20(4) eV. complex. Figure 3 shows the electrical levels ¥oand!

In contrast to the assignment @f;, a direct assign- as deduced from our measurements.
ment of vy, is not possible. As mentioned before, it can- Besides the electrical properties, structural and kinetic
not be observed in a neutrino recoil experiment. To checknformation of the defects can be drawn from the PAC
whether it is similar tavyp; caused by trapping of an intrin- spectra. The orientation of the electric field gradient in
sic defect, we varied the electron irradiation fluence within{111) crystallographic directions fory; and vy, [10] is
awide rangeX X 105-3 X 107 cm™?) and also studied compatible with the fact that both the vacancy and the in-
the defect structure from the probes’ implantation procesterstitial are trapped in the nearest neighbor position of
itself (as implanted) [7].f> (andf;) approximately scales the In probe. To obtain a more detailed picture of the
with electron fluence in the entire range and is also presetiinetic properties ofV and I than previously reported
in the “as implanted” state. An additional experiment[5], we have performed more precise isochronal anneal-
using a special high-purity Ge crystal also shows theng sequences (10 min) following electron irradiation at
formation of vy, [7]. From all of these experiments, 77 K as described above. Figure 4 shofysand f, as
an unintentional trapping of impurities can be safely ex-a function of the annealing temperature prGe, where
cluded which is strongly supported by the experiments oboth defects appear simultaneously. Trapping of the de-
Ref. [10], where largé''In concentration$>10'® cm™3),  fects occurs in two stages, at 200(5) fé? [15] and at
extremely large doping concentrations, and correspond220(5) for the (posi-tive) interstitial. The pair stability
ingly large defect concentrations induced by heavy ion irextends to 400(5) K fof!'In"-V° and to 380(5) K for
radiation were employed. Thus, we conclude thai, n=_1*. Thus, we can conclude that long range mi-
similar to v, is caused by an intrinsic defect which, gration of neutral vacancies and positive interstitials takes
by exclusion of other possibilities, then must be the selfplace in a closely neighboring temperature range sepa-
interstitial Ge (written as/ in the following). rated by only 20 K. The result that the interstitials do

Inspection of Fig. 2 places limits on its possible chargenot migrate earlier than 200 K is also in agreement with
states. Trapping takes place with a large fracifembout  our neutrino recoil experiment [5]: In that case, recom-
20% in a wide range fromu- to p-doped material but bination of the recoil induced -1 pairs takes place be-
ceases for both high and highp doping. Either a neutral tween 200 and 273 K. Since thé after recoil is in the
or a positivel might, in principle, lead to pairing with In. 52 MHz configuration (bound to thé&'!in probe up to
A positive] seems more reasonable since it is well knowrd00 K), it must be the nearby (in this case, invisible
that, in the absence of Coulomb attraction, an oversizetb the PAC probe) that migrates to the vacancy. This com-
ion such as'!'In is prone to trap vacancies (as could bepletely independent result that tliein p-Ge migrates at
shown above), whereas undersized ions attract interstitials > 200 K additionally confirms our interstitial assign-
[13]. Thus, in our case, Coulomb attraction (i.e.;{h")  ment as outlined above.
is strongly indicated. Termination of the pairing prGe
for p > 10' cm™3 can then be interpreted by the influ-
ence of the competing Gatrapping centers (which was
excluded for the vacancy, see above). Loss of the pairing 0.04(2)8V
interaction on ther-type side forn > 2.8 X 107 ¢cm™3
is best interpreted in terms of a charge chafhge— 1°.
To give an estimate for this level;(0/+), we argue
as outlined for the vacancy level above, this time, how- vacancy
ever, using the occupation probability for a donor: For
n=12x10"% cm™3 (no pair formation)Er must be @
above E;(0/+), for n = 2.8 X 10" cm™3 (pair forma- 0-20(4)9\/ —
tion) Er is situated belowz;(0/+). The corresponding @
Fermi levels were again taken from Hall effect measure-
ments, this time taken at 220 K (see below). This leads

to an energy window for the donor leve}(0/+): E. — FIG. 3. Electrical levels for the vacancy and self-interstitial in
0.060 eV < E;(0/+) < E. — 0.020 eV, which we write  Ge as determined from PAC, the interstitial level is tentative.
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T/ T " T T of Ref. [10] suffer from a lack of control of the Fermi

:\5‘100 level due to very higH!'!In probe concentrations leading

‘E' I i_E\ 1 to eitherp-type or highly compensated material.
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