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Irradiation-induced impurity-point defect complexes have been investigatadyipe germanium crystals
that were doped with either antimony or oxygen. Several majority-carrier traps and one minority-carrier trap
are characterized by means of deep-level transient spectroscopy and minority-carrier transient spectroscopy.
The antimony-vacancy compleX(centej Eg 37 is found to anneal in a way that is fundamentally different
from that in silicon, since it is retarded under reverse bias. Temperature-dependent carrier capture cross
sections of thé center are an order of magnitude lower than those of the oxygen-vacancy coplertey
Eo7 (0,~1.5x10 18 and 2<10° 7 cn?, respectively. A trap Eq o3 Which is antimony related grows in at
room temperature, seemingly by interstitial capture. A tEgpg is assigned to the divacancy, since it is
observed after proton irradiation but not after electron irradiation. A minority-carrierHgag, displaying a
strong Poole-Frenkel effect, is Sb related and possibly related t& teater. In view of the experiments, we
comment on a range of diverging results in the literature.

|. INTRODUCTION II. EXPERIMENTAL DETAILS

For the last couple of decades the dedication to under- Three types of material were employed, they will be
standing point defect and impurity point defect interactionsdenoted Sbl, Sb2, and Ox. Czochralski-GeSbl and
in Ge has been at a large deficit relative to that in Si. ThisSb2 from Union Miniere, Belgium, contain respectively
unfortunate circumstance is naturally related to the over3.5x10* Sb and 1.410" cm 2 Sb, and Ox con-
whelming success of Si in applied fields; Ge has not beemains, from growth, a concentration of interstitial O of
used extensively in devices, but primarily in high-purity 7x10'* cm 2 (measured with infrared absorptjon
form as detector material. A recent trend, however, is that 0D-doped Ge is known to acquire itstype nature from ther-
venturing from Si into Si_,Ge,.! This trend originated in  mal, oxygen-related donofd;for Ox we measured carrier
improved epitaxial growth techniques and the promise oftoncentrations between 4 an&k80* cm™3, depending on
very fast deviced.Needless to say, a satisfactory descriptionthe sample.
of carrier, defect, and band-gap issues calls for good under- Schottky barriers were fabricated by electron-gun evapo-
standing in the full composition rangek<1. At the same ration of either Au, Pd, or Pt, or by thermal evaporation
time it is a misfortune that Ge, so similar to Si, has not beerof Au. Immediately before diode evaporation, crystals
used to its full potential as a test ground for a range of funwere dipped in HF. Som@®x samples had been etched with

damental defect properties. CP4 with no apparent effect on the spectra. At room tem-
Investigations of irradiatech-type Ge have employed perature (RT) typical leakage currents at-10 V were
electronic techniques such as Hall measurerﬁecmtsjeep- ~4 mA/cn? on Sb2 material and a bit less o8bl. C-V

level transient spectroscopLTS).*® Electron paramag- characteristics were ideal. Gdx Ge the diode quality was
netic resonance unfortunately has only limited applicabilityless reproducible, with RT leakage currents often a factor of
in Ge, but infrared-absorption spectroscopy has been appliezl-3 higher. A few of these diodes required slight cooling
to O-doped G&:'° From DLTS investigations in the litera- (~30-50 K) below RT to display ide&@-V characteristics.
ture one sees, however, that considerable scatter exists in Defects were introduced by irradiating the diodes at RT
reported energy levels, defect annealing behavior and micrayith either 2-MeV electrons or 2-MeV protons. Beam inten-
scopic interpretation of those defects that dominate aftegities were typically ~100 nAcm 2 for electrons and
sample irradiation. ~0.5 nAcm ? for protons, and it was ascertained that the
In this paper we show that the reverse-bias annealing dfeam induced no sample heating.
the SbE center in Ge is fundamentally different from that in ~ Electron traps were characterized with DLTS in a lock-in
Si. Different annealing mechanisms are considered, as is thamplifier setup. Hole traps were studied in a double-boxcar
likelihood of a double-negativE center charge state. It turns system with either injection-pulsg.e., forward bias pulse
out that several defects evolve strongly at room temperaturdLTS or minority-carrier transient spectroscogyICTS).
By comparing electron with proton irradiation, we are able toMCTS enables one to probe minority-carrier traps by excita-
manifest the level of the divacancy. We also make an attemgion of electron-hole pairs with the use of above-band-gap
at clarifying and unifying, where possible, experimental re-light. For this purpose a GaAs diode laser was applied to the
sults from the literature. front of semitransparent Schottky barriefypical metal
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TABLE I. Properties of all electron and hole traps presently observed.

Label E,,(eV) on,(cn?)  Annealing (°C} Identification Occurrence

Hos 030  1.6x10'® 1150 Sb related Shl, Sk2 H.e
Eo.s7 0.37 1.1x10 14 1150 E center Shi, Sk H.e
Eo.s 0.23 2.0<10° 1 1 RT, | 110 Sb and related Shl, Sk H.e
Eo.19 0.19 1.5<10° 14 T RT,| RT Sb andl related Shl, Sk H.e
Eo1s 0.13 3.x10 T RT,| RT Sb andl related Shl, Sk H,.e
Eoz1 0.21 7.1x10° 4 190, | 180 Sb related? Shl, Sk2 H,e
Eo29 0.29 2.1x107 1 1 180 Divacancy Shbl, S2 (,0x? H
Eoso 0.30 2.9<10 4 1 RT,| 110 | and impurity related? Sh2 H,e
Eo.s 0.28 6.2<10° % 1190, ] 270 O-impurity complex? Shl H,e
Eo.27 0.27 2.6<10°1° | 150 A center Shl, Ox H,e
Ef 19 0.19 2221071 1 130,] 190 O related Ox He
Eo 14 0.14 1.3x10° 16 1 130, | 190 O related Ox H,e

@After 2-MeV proton irradiation.
"Epa and oy, at —1 V bias.

thickness~100 A). In Ge the penetration depth €l/at an Figure 1 shows DLTS temperature scans from materials
appropriate wavelength of 870 nm is approximately @B,  Shl andSh2, recorded three days after 2-MeV electron ir-
which is considerably less than in, e.g., Si. Therefore oneadiations. The following traps were present in both materi-
must be aware that MCTS probes a region that is very clos@ls: E; 57, Eq 23, Eg 19, Eo13, @and, after a~100°C anneal,
to the interface. Eo21. Eg 7 0ccurred only inShl, as did a trafE, ,g which
Temperature scans with DLTS and injection-pulse DLTSgrew up after a 190 °C anneal. A tr& s, occurred only in
showed that all unirradiated materials were defect free wheRyp |rradiatingShl andSh2 materials with 2-MeV protons
prepared with thermally evaporated diodes. When preparefls jied in almost identical spectra, except for the pro-
with electron-gun diodes, a hole trabl{ 39 was detected in |\ o4 occurrence &, ., Of which merely a hint was

unirradiatedSbl andSh2. seen upon electron irradiation. This trap, partly hidden be-
neath others, becomes particularly visible upon annealing, as

IIl. EXPERIMENTAL RESULTS: OVERVIEW seen in Fig. 2, where spectra are shown of 110 °C annealed

The individual electron trap is defined by its electronic S samples that had been either electron or proton irradi-

signature, i.e. log,(T)/T2] vs 1T, wheree, (T) is the elec- ated. _ o
tron emission rate per trap. With the usual symbol Yhen applying MCTS or injection-pulse DLTS ®bl

meaning® the signature of an electron trap is determined byP" Sb2, the hole tragH, 5ois predominant after both electron

the apparent capture cross sectior at, and proton irradiation. This is shown in Fig. 3 f&hb2
material.
9o .ok A DLTS scan from a proton-irradiatedx sample is pre-
Ona™ ‘fwae 8 D sented in Fig. 4E ,; strongly dominates the spectrum, and

. _ two trapsEg 14 andEg ;4 are found.
and the apparent enthalggccording to which trap labels are  The inset of Fig. 4 shows a DLTS scan from tf
chosen in this papgr material recorded with injection pulse. Three hole traps are
Ena=AH+E,. 2) present, and none of them k&, 35. Presumably, reports of

_ _ the Ox hole traps have not been made in the literature, but in
Here we assumed a thermally activated cross section for caghis study focus will be solely ofl 5.

rier capture, Electronic signatures of electron traps are displayed in
on(T)=0,e E/kT, 3) Fig. 5. Electric-field(Poole-Frenkel effects were not exhib-
ited by any of the electron traps that occurred at room tem-
and the trap energy levé, is defined by perature in Sb-doped Ge, and we infer that the electron traps
A~ AL L probably have an acceptor character.
Ec-E=AG=AH-TAS. @ The hole trapH, 30, on the other hand, exhibits a clear
Similar expressions apply for hole traps. Poole-Frenkel effect: Thél, 3o signatures in Fig. 6 were

Before discussing the individual traps, an overview is pre-obtained under reverse biases of 1, 8, and 20 V, respectively,
sented of the occurrences of traps and their annealing behasind they demonstrate that fék, 30 hole emission is strong-
ior. Of main concern will be thée centerEg37, and the lyenhanced with increased electric field. Thidg s, is be-
A centerEg ,7, as well as the levek »q that we propose to lieved to create an acceptor level.
be related to the divacancy, aht} 5oandE, »5 that we pro- We find that dramatic evolution of defect concentrations
pose to both be Sb related, the latter in connection with amakes place at RT in Sb-doped Ge. As a consequence, details
interstitial Ge atoml. Properties of the observed traps areof the defect dynamics that would normally be lost if pro-
summarized in Table I. ceeding upon irradiation with a standard annealing series
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FIG. 1. DLTS spectra fronsbl andSh2, recorded three days FIG. 2. DLTS spectra fronst2, irradiated with % 10"%cm ™2
after 4x10%cm 2 electron irradiationswe have also indicated electrons(upper panél or 1.7x 10 cm™2 protons (lower panel
where Ej ,; and Eg 5 grow in after annealing. For clarity only  and annealed at 110 °C for 15 min. Thg,g defect is seen clearly
every third data point has been drawn here and in all other plotsonly after proton irradiation. Settings as in Fig. 11.

The solid-curve fit is a sum of the dashed curves. Settings were ) . o )
e,=542 s bias—10——5 V, and pulse duration 10Qs. cussion below, an overview is given in Table Il of some of

these defects. Unless otherwise stated, defect energy levels

may be revealed by monitoring defect concentrations first adfe referred to in terms of the apparent ionization enthalpies
a function of storage time at RT, and subsequently as a fundEd. (2)].
tion of annealing temperature. Results of such a study, on
proton-irradiatedShl andSh2, are plotted in Fig. 7. Apart
from slight quantitative differences, the defects that occur in  E, ,, strongly dominates after irradiation of O-doped Ge
both materials, viz.Eq3s7, Eo29, Eo23, Eo21 Eo1e, @nd  (Ox), and it is also present iBbl. E, ,; anneals abruptly at
Eo13. indeed have the same annealing behavior in bothi50°C in theOx material, but the annealing starts at a lower
materials. temperature irSbl. E, ,; is identical toE(0.25) (at E,
The annealing series for proton-irradiated, O-doped Ge is-0.25 eV, anneals &f,,,~ 150 °C) reported by Fukuoka
plotted in Fig. 8, and the observed annealing behavior ofnd Saitd and t0E3Nag(0.27 €V T4nq~90°C) reported by

Ho30in SK2 is reported in Fig. 9. It turns out that this is Not Nagesh and FarméiThese levels were found to dominate in

independent of the method of observatiGnjection-pulse iradiated O-doped Ge and they were indeed assigned to the
DLTS or MCTS. The annealing behavior of the individual A center

A. Level Eq o7

defects shall be discussed in Sec. IV below. The electron-capture cross section was measured by vary-
ing the filling pulse duration at different, fixed temperatures.
IV. EXPERIMENTAL RESULTS: ANALYSIS This is demonstrated in Fig. 10. We obtain

AND DISCUSSION

i ; ; Eo27 1) _ — 16 0.023 e e
In the following, for the sake of clarity, designated names 0, (M) =1.37x10"Pexg = — 7| ¢
of defects that are reported in the literature will be addition-
ally indexed with author name. In accordance with the dis- ~(1.8-2.9x10 ' cn? (5)
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FIG. 3. Double-boxcar MCTS spectrum from a thermal Au di- 1000/T (1/K)

ode onSh2 material, irradiated with 10 cm™2 protons. Set- o
tings weree,=50 s 'and bias—2 V. Inset: double-boxcar DLTS FIG. 5. Electronic signatures of all observed electron traps. For

spectrum with the use of an injection pulse. Settings were SOMe of those traps that are present in more than one material, the
=80 s! and bias—2—+2 V. signatures from both materials are presented; this is indicated in

parentheses.

in the 130-170-K range. The value of the capture cross sec-

tion is discussed below in connection with thatff 5. ~125°C) is theE center. Moreoverk 37 is identical to the
level E(0.40), observed by Fukuoka and Saitt’

Fukuoka and Saito did not conclude tig10.40),, was the

E center, bute(0.40),, dominated the spectra in two kinds
Eo.37is present in both kinds of Sb-doped Ge. The intro-of 1.5 MeV e irradiated, Sb-doped Ge, and it annealed over

duction rate increases with Sb concentration, but the level iseveral hours at 97 °C.

absent in oxygen-doped Ge. In highly Sbh-doped G&2() Let us briefly point out that in two kinds of As-doped

Eos7 is in fact the sole observed defect very shortly aftermaterial the leveE(0.40), was replaced b¥(0.27).>

electron irradiation; all other defects B2 are secondary Thus it is evident thaE(0.27), is the AsSE center, but it is

B. Level Eg 37

defects that grow in with time. interesting that the enthalpy differs markedly from those of
Sh is expected to bind vacancies in Ge, and our data conthe Sb and FE centers.
firm the conclusion by Nagesh and Farférat the corre- A fraction of Ey 3y disappears already at RT, but the major

sponding leveE, 4 (at Ec—0.35 eV, seen in both P- and fraction anneals at-150 °C. Thermally activated dissocia-
Sbh-doped Ge after neutron and afterirradiation, T,,,
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FIG. 4. DLTS spectrum from a®x sample, irradiated with

6x10%cm 2 protons and annealed at 45 °C for 15 min. Settings as  FIG. 6. Electronic signature of the 3, hole trap inSb2 mate-
in Fig. 1. Inset: DLTS spectrum from &x sample under injection rial, extracted from MCTS spectra at reverse biases of 1, 8, and
pulse.Hg 5 is not present in the O-doped material. 20 V, respectively.
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S ‘\.\\ Hirrad. materialOx. Due to the overlap witlE, ,-it cannot be decided after
g r \E0.37 . anneals below 156 °C whethEg, ,q exists.
=~ 10 -
E 1 out clearly forx=0, 0.05, and 0.15, but it has a very small
Q 1 amplitude forx=0.25 and is not detected fot=0.35 or
>, 1  0.50%8 Tentatively, it is deduced that thE center level
E ] moves down in the band gap with so that forx=0.25
5 05 7] communication with the valence band takes dVeln this
% light it is somewhat surprising to rediscover thecenter
@] | level in Ge in the upper half of the band gdfoing from
| x=0 to 1, the conduction-band minimum is essentially fixed
0.0 | : - N, | and identical to the SK minimum untilx~0.85. Above this

30 100 150 200 composition the GeL conduction-band minimum moves
OME (DAYS 19 The valence-band maxi teadily ri
TIME (DAYS) ANNEALING TEMP. C) d(_)wn belowX.” The valence-band maximum steadily rises
with x, and the band gap decreases fr&jle.lZ eV to
FIG. 7. Annealing series of proton-irradiated materalsl and Egezo_ﬁﬁ eV at RT)
Sh2. After irradiation the defect concentrations were followed first ~Emphasizing the difference from the Si case, Eheenter

as a function of time at RT, and subsequently as a function ofapture cross section turns out to be lower than that of the
15-min isochronal anneals. The initial concentration€Eghg and

Eq.0g are somewhat uncertain, since the peaks are overlapped witl 2.0 ———— —— — —
those ofEg 30 or Eq 57. Ge Sh2

e irrad.

tion or diffusion would not proceed over such a wide tem-
perature span. Hence if we trust that thg;; peak did not
contain a very large contribution from other defects, some
mobile species that consumEscenters must be released at
RT from an unstable source that was created during irradiaz,
tion. Judging from the annealing curves, this source simultag)
neously causes the growth of new defects. Note that the G
self-interstitial itself has become mobile at a much lower &
temperature, probably around 200*KIin Si a common con- é
tamination species, carbon, can indeed open up a manifold s
S
z

ONCENTRATION
O

—_
=]

\\oﬂO/o/

IZE

0.5

electrically active defects when interstitial carbon Cbe-
comes mobile at~-50°C (G is formed when irradiation-
induced self-interstitials kick out substitutional)CIt would ool o
not be unreasonable that C could pair wicenters. How- 50 100 150 200
ever, the picture is not transferable to Ge, in which the C ANNEALING TEMPERATURE ('C)

ity 0~m—3 16 ; ; i
solubility is merely 16-10"cm™ .’ Most likely, interstitial FIG. 9. 10-min isochronal annealing seriesHf 5, in material

agglqmerates have been C.reated. .during irradiation, and $%2. The DLTS measurements were performed with an injection
transient release of Ge self-interstitidlsakes place at RT. 55 (-4 V—+2 V), and the MCTS measurements were per-

The levels of theA center ancE center seem to roughly  formeqd at a reverse bias of 2 V. It was ascertained in all MCTS
resemble those in Si. But in recent DLTS experim&nt®  measurements that the same photocurrent was generated in the
2-MeV «a-irradiated n-type Si_,Ge, the E center stands diode.

i Hy 0, DLTS -
— O
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TABLE Il. Connection between selected deep traps from the literature. Ge was doped with either of the indicated elements and irradiated
with either of the indicated species. Each entry contains designated name, apparent éethalpparent cross section (&at T=c, and

annealing behavior (°C).

This study  Bourgoin and co-workers  Fukuoka and co-workers Metrid. Nagesh and Zistl
(Refs. 4, 29, and 24 (Refs. 13, 5, and 6 (Ref. 8 Farmer(Ref. 7 (Ref. 206
Sh, O Sh, “group V” Sh, O Sh Sh, O, P Sh
H,e e e Pb, Ne n,y e
Sb related Hoso H, H(0.24)
0.30 0.30 0.24
1.6x10° % - -
1150 1150, | 250 1110 (hs)
E center Eos7 E, E(0.40) ET5 E, ET5
0.37 0.53 0.40 0.46-0.47 0.35 0.34-0.39
1.1x10 ¥ 4x10 1 - 0.4-1.1x10 12 - -
1150 1150 197 (hy) 1150 1125 1150
Divacancy Eo29 E,4, Es ET4
0.29 0.46, 0.42 0.32
2.1x1071° 3x10 12 2x10712 1.3x10° %
1180 1907 | 150 1140
A center Eoqo7 E(0.25) Ej
0.27 0.25 0.27
2.6x10°1° - -
1150 1140 190
Sb andl Eozs E, E(0.23) ET3 E,° ET3
related 0.23 0.32 0.23 0.29 0.17 0.22-0.23
2.0x10°1° 1x10° 18 - 2.2x10° - -
T RT, [110 1110 170,110 190 1 RT,[100 1 RT, 110
Sb related? Eoo1 ET2 Eg (?)
0.21 0.27-0.28 0.15
7.1x10 ¥ 2.0-8.210 12 -
190, | 180 180, | 160 180, | 170
O related Ep 1o E(0.13) Es
0.19 0.13 0.17
2.2x107%° - -
1130, | 190 1120, | 200 1225

qncreased by 70% after 2-Me¥ irradiation, not after 1 Me\g irradiation.
bObserved aften irradiation, not aftery irradiation.

A center by more than an order of magnitude. The relevanfig. 11 that the application of a reverse bigs V) will
impedeannealing of theE center in Ge. This contrasts the

measurements are reported in Fig. 10; the result is

o0¥(T)=2.55x 1077 exp( -

0.041 e
kT

~(1.1-2.4%x10 '8 cn?

(6)

at 150-200 K. The very small cross sectionEy;; hints
thatEg 37 is in fact a repulsive center. That Bg 57 could be
the double acceptor leveH/=) of the SbE center that has

bias enhancement & center annealing in $f.

The slope of the as-irradiate(t15 dayg profile in
Fig. 11 shows that a number of vacancies from the

irradiation-generated Frenkel pairs had diffused to the sur-
face before they could be trapped by Sb atoms. Comparing
the upper and lower panels of Fig. 11, we see that the appli-
cation of a -4-V bias greatly reduces the role of the surface as
a sink forE center annealing. At an annealing temperature of

moved down from the conduction band in Si, into the gapl20°C the Fermi levét is approximately 0.08 eV below
in Ge. Indeed, that would be consistent with the aboveEgs7[since AG(Ey37)=0.23 eV if we assumey/g;=1].

mentioned lowering of the “silicon” (0f) level for

x=0.25.

experiments: We demonstrate from tBecenter profiles in

For the sake of discussion, let us assume tBat, is a

double acceptor<{/=). In the bulk, due to the width of the
A possible corroboration of this idea is found in annealingFermi level, each trap then has approximately a 9% chance

of being (=), but in the depleted region a trap will always be
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(=). The following scenarios are then compatible with the oob &
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migratingE centers approach the surface, they will be driven debth profiles i diod h
back at some point where the electric field is strong enough, 'C- 11. E center depth profiles in two diodes on the safie
The field acts as a barrier for outdiffusion and as a drivingsample’ that were annealed either with a 4-V reverse bias or with no
force toward the bulk, and only very close to the surféine bias. The depletion layer widtV at 4 V isindicated. Diodes were

the region not probads the E center concentration expected electron irradiated with somewhat different doses. Profiles were
9 P p measured 15 days after irradiationl), three months later after a

to decrease. Note that this scenario is compatible with,, °C/5-min anneal @), and after a 120 °C/10-min annea®]
(_/_:) chargg states, but not with (6). Alternatlvely,.m!- They were obtained at 205 K with a DLTS double-pulse technique,
gration may simply be much smaller for tRecenters within ity a constant reverse bias of 20 V and a pulse differee
the depletion layefe.g., SV™) than for thoseE centers in - =1 00 v. Inserted are annealing curves wik) and without (A)
the bulk that are in a different charge stééeg., SWV™7). bias, as observed by DLTS usirg4 V—0 V.

(i) Suppose that thE center anneals bglissociationand
vacancy loss to the surface. Dissociation should then be sup- H ., resemblesH(0.24), (E,+0.24 eV). This level,
pressed under reverse bias, meaning, e.g., that the ( present as the only minority trap after 1.5-MeV electron ir-
charge state should be more stable thar).(This stabiliza-  radiations of 1.5 10" and 2.5< 10%cm3 Sb-doped G&,
tion should be stronger than the opposite tendency that thgad a small decrease upon 70 °C annealing but increased in
electric field will have to separate the positive Stloom the amplitude during several hours at 107 °B(0.24), was
negative vacancy. Or, alternatively, the mobility of the va-foynd in neither of two As-doped samples; instead what was
cancy could be reduced in the depletion redialthough this  prominent wasH(0.29),,, which we propose to be the As
opposes the Si situation where, e)g., is more mobile than  analog. The annealing behavior Bif0.29),, was not re-

vz _ o . ported. Also similarly, the leveH,g,, at E,+0.30 eV in
be slower due to the energy c@6t23 eVj of first converting  _120°c, and finally annealed at-250°C?* From

Sbv™ into less stable Sb". From the above discussion itis jrradiation-energy threshold experiments it was excluded that
clear that this pigtureT does not _hoId for\S_tanneaIin_g in H., 5o, Originated from two-atom displacemerfs-ence, by
Ge—except possibly in the diffusion scenario: Even i%Sb  combining our observations with those from the literature,
weremore mObile than Sb=, the eleCtriC f|e|d COU|d in faCt Strong indications arise th&ﬂ0.30 is formed When one or
retard the annealing by restraining\Bb from outdiffusion.  more simple defects, i.e., vacancies or interstitials, meets
with an Sh atom.
We demonstrate in Fig. 6 that, 5o is strongly attractive
to holes, i.e., it is an acceptor level. Bearing in mind the
This hole trap strongly dominates the minority spectra inanalysis of Sec. IV B, it is tempting to propose tliég 55 is
both of the Sh-doped sampl&sig. 3), but neither before nor the (0/) transition of theE center: If theE center level
after anneal does it appear in the oxygen-dopedR&e 4.2  E, 5, were indeed /=), of which we pointed out indica-
When detected with injection-pulse DLTS tlk, 3o ampli-  tions, then (0+), with a stronger Coulomb binding of the
tude increases steadily for anneals abeviE20 °C, but when  electron, is expected to be present belgyy,, very likely
applying MCTS with front-side illumination a moderate de- within the band gap.
crease is observed; see Fig. 9. To our knowledge, all studies Against this picture apparently speaks the different an-
of minority traps in irradiated Ge have hitherto been per-nealing behaviors oEg 37 andH 30 (Figs. 7 and @ But one
formed with injection-pulse DLTS. must be cautious here, singk, 55, probed with a hole con-

C. LevelHg 3o
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centration that decays exponentially from the interface, is E,,;andE, o were also observed by Ziétlin 1.2-MeV
detected with particularly high sensitivity very near the erradiated, 2<x 10'>-cm™2 Sh-doped Ge: The leveBT1,;.
interface?®> When observed with injection-pulse DLTS, the andET2,, are at 0.14 and 0.19 eV, and both anneal at RT.
Ho.30 amplitude increases abovel20 °C which is the tem-  Moreover, in a temperature scan down to 100°C a defect
perature at which, 5 starts to anneal. The possibility must g, (Ref. 27 that was unstable at RT appeared close to
therefore be considered thid 3o and Eq 37 are related, and  the position ofE .

that the Hy 5o increase is a consequence of the abnormal Eo 23 MatchesE(0.23),, (Ref. 5 which grows in during
E center redistribution, combined with a different annealinga couple of hours at-70°C and anneals at 110 °C. This
characteristics of the particuldt center charge state that |eve| was seen in 15810 and 2.5< 10%m ™2 Sbh-doped Ge
prevails very near the interface. Certainly, different annealgfter 1.5-MeV electron irradiations. It also matcHe$3,
ing behaviors are exposed with MCTS and with injectiongt 9.22-0.23 e\#® ET3, grows in at RT, anneals at

DLTS. ~110°C and is seen in’210" and 1x 10"%cm™~2 Sb-doped
If it is not a coincidence thall 3q increases whekys;  material.
starts to anneal, other candidateskhy;qare defects that are These observations very strongly suggest tafsis Sb
formed from SV migration. An example could be ¥,  related. In As-doped Ge, Fukuoka and Sadi not detect a
which would have a relatively low abundance directly after|aye| that resemble@(0.23),,, but annealing experiments
irradiation. As detailed earlier, an interstitial flux seemed toyere not reported.
appear at low temperature, and this did not caudeog, SinceEg 13, E.19, andEg 3 are not produced in the col-
Increase. lision cascade, they must be formed from thermal transfor-
mation of one defect species and/or from capture of defects
that are released from another. From the time and tempera-
- _ ture evolutions in botls bl andSk2, it appears that the same
In Sh2 Ge,E,q 29 cannot be positively detected at any time gefect sourcépresumably interstitiajsas that which reduces
after electron irradiation. But following proton irradiation, g .. at RT is responsible for the growth &, 13, Eg 10, and
Eo.20 stands out after a 110 °C anneal wHegy, has disap- g ... Hence we arrive at the conclusion tiiaf,; contains a
peared. This was demonstrated in Fig. 2. The linewidth issh atom, very likely in relation with an interstitial-related
~65% larger than expected for a 0.29-eV line,§pgis i defect.
fact a sum of two close-lying levels. The concentration of  Formation of E, ;5 and Eq ;9 precedesthe formation of
Eo.29 prior to heating of the sample is somewhat uncertaing .. |t is possible that a small energy barrier exists to the
we can only estimate that the amplitude must have beefhrmation of E, s, and Eq 5 and Ey 1o may even be two
=75% of the amplitude after 110°C. levels of a metastable “precursor’ configuration to the
In Sbl Ge, Eg 9 is almost hidden under thA center  former.
Eo.27 Or underEgq 5. Upon proton irradiation and a 110°C  E(0.23).,, was speculated to be created from a vacancy
anneal(giving a slightA center decreagethe existence of flyx at ~70°C and to be SW.° However, that does not fit
Eo7is clear, but before sample heating we can only say thajith the foregoing discussion. In particular, it can be seen
the amplitude must have beenl20% of the amplitude after that a vacancy injection which would have increased the
110°C. In electron-irradiate8bl a systematic annealing se- £ center concentration is not supported by our annealing
ries was not performed. curves(Fig. 7).
In proton-irradiated, O-doped Ge a small shoulder to the
A center can be seen when thecenter has strongly de-
creased after a 156 °C anneal. The shoulder is possibly,
though not certainlyE ». These levels are detected only in B material.E{ ;4
Thus the introduction rate @& »qrelative to other defects increases after 138 °C anneal, shortly before Aheenter
in Sk2 Ge is multiply enhanced with proton relative to elec-anneals.Eg 14, as a small shoulder, closely follows the
tron irradiation Eg ,9is most likely present immediately after growth and decrease &g ,4. The annealing characteristics
proton irradiation(but hidden beneath other pegakié is also  of E ,4is very close to those d&(0.13), (Ref. 6 (created
introduced inShl, and possibly inOx. HenceEg o meets  after a 120 °C anneal, and slow disappearance between 160
the requirements, as the only level, of a defect that is relategnd 300 °C) andEsnag (Ref. 7) (Ec—0.17 eV, Tan,
to a displacement of more than one host atom and probably. 225 °C), that both occurred next to thecenter in heavily
does not involve a dopant atom. We propose tBgig be-  O-doped Ge. It is unclear why there is an energy discrepancy

D. Level Eq 29

F. LevelsEg gand Eqg 4

longs to a divacancy or a di-interstitial. with E(0.13).
E. LevelsE 13, Eg1g, @and Eg o3 G. LevelsEq3g, Egag, and Eg oy
These defects appear 8bl andSh2 after both electron Ey 1 is Observed inSK2 and, with a smaller amplitude,

and proton irradiation, but not i®x. At RT, Eg3andEg,9  also in Sbl. It grows in above~90°C and anneals at
transiently grow in with almost identical concentrations, and~ 180 °C. The maximum amplitudeelative to theE centej
anneal again over a few days. Most likelsy ;3andEg ;gare  is enhanced only slightly by proton vs electron irradiation.
therefore different(close-lying charge states of the same The level may be Sb related, but other tHaf2,,,, (Ref. 8
defect.Eq ,3grows in after longer time at RT, and anneals atand El,Nagi7 literature reports of this defect are elusiigze
~110°C. Table Il and Sec. IV H beloyw
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Eo.30iS Observed only irB2; it is found after both elec- prettheir assignments, with an eye on the defect ordering and
tron and proton irradiatiorE, 5o grows in and anneals again annealing temperatures, it now seems clear ®a&by,,
during several days at RT. Referring to Sec. IV E, this be{0.47 eV T,,,~150°C) is the same &, 3; (E centej and
havior may be indicative of an interstitial-related defect. ~ highly probable thaET3),, (0.29 eV T,,,~90°C) is the

Eo,g Seen after irradiation o8bl Ge only, grows in Same asEg,; (Sb relateg Here we rely on the value of
above 170 °C, and anneals-a270 °C. Prior to annealing, if 150°C, rather than 90°C,of the A-center annealing
present,E, ,g is hidden directly below theA centerEq,;.  temperature—which makes it unlikely th&T3y,,, and
The growth, annealing, and energy levelE®f, resembles  alsOE; g,,, should be identified with thé centerEg ,;.
that of E(0.29), from heavily O-doped Geéwhich did A divacancy level is anticipated from the heavy-ion irra-
peak, however, in the DLTS spectrum at a higher temperadiations, and a highly plausible candidate BT4y,,
ture than theA centel.’ E(0.29),, was associated with an (0.32 eV;T,,,~140°C)? which has the proper position in

819-cn ! infrared-absorption bafidhat resembled a defect- the spectra. But from arguments based solely on the anneal-
dioxygen complex or a complex containing oxygen and dnd behavior it is hard to see th&T2y,, (0.28 eV, ampli-
different impurity aton?. Acknowledging thatSbl contains tude doubles at-90°C, Ty;,~150°C) should in fact be
oxygen, this description, though speculative, is also not untelated to the divacancy levelE,go, and Esgoy. The

tenable forEqs. In any case, it is plausible that, ;o and ~ SUGgestiol thatET2y,, andET4y,, are merely single and
Eg 05 are related to residual impurities in Ge. ' double acceptor states of the same defect is not easily justi-

fied, owing to the fact thaET2),,, increased strongly with a
90°C anneal, whereaBT4y,,, did not® ET2y,, is posi-
tioned in the spectra at a relatively low temperature, close to

It has now been established that several electronic |eV€|EO_21, and indeed they have a similar annealing behavior.
exist inn-type Ge, for which agreement can indeed be found
on energy level and annealing behaviof?® However, ex-
tensive DLTS investigations 0.5—-3 MeV electron-irra-
diated n-type Ge were performed first by the Bourgoin  Ge with three types of doping was investigated. Crystals
group?#?27=2% phyt the remarkably large values of the contained 2.%10"cm™3 Sb, 1.2<10%%cm 2 Sb, and 7
enthalpie$’ render impossible a direct comparison with the x 10'%cm™2 O, respectively. A strong defect evolution at RT
enthalpies of this study. On grounds of the annealing behawas observed in both Sh-doped materials after 2-MeV proton
ior the levelsE, o, (0.53 €V;T,,~150 °C) andE;g,,  or electron irradiation, and the dynamics is compatible with
(0.32 eV;T,,n—110 °C) were identified, respectively, with the existence of a source of interstitials. Contrary to the Si
the A center and théE center’* but we now see that most case, annealing of the 3bcenter,E, 57, is retarded under
likely Egou=Eos7 (E centey and Ejpo=Ep23 (Sb re-  reverse bias. Temperature-dependent electron-capture cross
lated. This is inferred from the annealing temperatures andsections were measured for tRecenter andA center,Eg 57;
from the defect ordering in the spectra. Comparing still withthey are near 1:810 '8 and 2<10°7 cn?, respectively. It
Eo.37, it is worth mentioning that out of four defectS;g,,  was speculated th&, 5, is the double-acceptor level of the
was found to have by far the smallest capture cross section.E center. A trapE, ,3is related to Sb, and seemingly grows
(However, our measurement & 37 now reduces the abso- up by interstitial capture, possibly hindered by a small bar-
lute value by a factor of-25). rier. The amplitude of a trajgy o9 is strongly enhanced by

Further, studies of the energy threshold of defectproton relative to electron irradiation, aig) ,q is suggested
introductiorf® lead to the conclusion that the close-lying lev- to be divacancy related. One significant hole tkap;, was
els Eggoy (0.46 eV, T,p~150°C) andEsg,, (0.42 eV, present in Sb-doped material but not in O-doped material.
Tann~ 150 °C) were divacancy related. Lil®) ,q, the levels  The apparent annealing behavior igf, 5 depends on the
E4pou andEsg,, appeared in the spectra at a slightly lower mode of detectiotMCTS or injection-pulse DLTS Hy 59 is
temperature than the center(i.e., E;g,,). It Seems reason- strongly attractive to holes, and whereas a firm identification
able thatE, g, and/orEs g, are the same &5, 59 that con-  cannot be made, we cautiously presented the idea that it be
tains two close-lying levels, and which we indeed attribute tothe single acceptor level of tiecenter. Correspondence was
the divacancy? pointed out between seemingly varying literature results.

A word is appropriate also on the studies by Marie and
co-workers®3! They irradiated 2.4 10*cm 2 Sb-doped
Cz-Ge with high-energy+0.3—6 GeV) heavy ions, but for
a reason yet to be understood the apparent enth3ipi¢ke We thank Professor Paul Clauws for providing us with the
defects so obtained differ markedly from the enthalpies oboxygen-doped Ge samples. Our work was supported by the
tained with electron and proton irradiation. If we reinter- Danish Natural Science Research Council.
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