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FEATURES OF RADIATION-DEFECT
ANNEALING IN n-Ge SINGLE CRYSTALS
IRRADIATED WITH HIGH-ENERGY ELECTRONS

The isothermal annealing of n-Ge single crystals irradiated with 10-MeV electrons to the flu-
ence ® = 5x 10*° em™? has been studied. On the basis of the measured temperature depen-
dences of the Hall constant and by solving the electroneutrality equations, the concentrations
of radiation-induced defects (A-centers) in irradiated n-Ge single crystals are calculated both
before and after the annealing. An anomalous increase of the Hall constant is found, when the
irradiated n-Ge single crystals were annealed at Tan = 403 K for up to 8 h. The annealing at
the temperature Ton = 393 K for 1 h gave rise to the np conversion in the researched crys-
tals. The revealed effects can be explained by the concentration growth of A-centers owing to
the generation of vacancies at the annealing of disordered crystal regions.

Keywords: isothermal annealing, radiation-induced defects, disordered regions, np conver-

sion, germanium single crystals.

1. Introduction

Radiation technologies are a powerful tool to pur-
posefully change the properties of solids and, accord-
ingly, to create various complex devices of functional
electronics on their basis [1-4]. Under the irradiation
action, various defects are generated in solids and
significantly modify their mechanical, electrical, op-
tical, and other physical properties. Semiconductor
materials (the basic ones are Ge and Si) are espe-
cially sensitive to the presence of radiation-induced
effects. Those materials, being modified by dopants
or radiation-induced defects, are raw materials for the
creation of elements of a modern electronic equipment
[5,6]. Furthermore, germanium and silicon are used in
CMOS technologies for fabricating the electronic de-
vices [7, 8] and in nanostructures (Ge quantum dots
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and Si/Ge heterostructures) [9,10], which can also be
subjected to the action of external radiation fields, for
example, when the electronic equipment is exploited
in spacecrafts [11].

The electrophysical properties of irradiated Ge and
Si single crystals are mainly determined by the pres-
ence of secondary radiation-induced defects of var-
ious kinds, which arise due to quasichemical reac-
tions among vacancies, interstitial atoms, and chemi-
cal impurity atoms [1-3]. As a rule, such defects cre-
ate deep energy levels in the forbidden band of ger-
manium and silicon [12]. At present, the microstruc-
ture and energy spectra of radiation-induced defects
in Si are studied much more than those in Ge, which
is mainly associated with a limited applicability of
EPR to the latter material [13, 14]. For instance, the
vacancy-oxygen complex (the A-center) is one of the
most studied defects in Si single crystals. The iden-
tification of this defect in Ge is a more complicated
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task [15]. In particular, according to the results of
spectroscopic researches in works [16, 17], a spread
of the absorption band at 620 cm™!, which is as-
sociated with the A-center, and its dependence on
the annealing temperature (from 50 to 150 °C) were
observed. As a result, the control over the A-center
using this band becomes ambiguous. Moreover, this
band might be attributed to only one of the charge
states of this complex.

The measurement of the Hall effect in combina-
tion with the heat treatment (annealing) is an effec-
tive method for studying the parameters of radiation-
induced defects in Ge single crystals. As is known,
the annealing is used to restore the electrophysical
properties of irradiated semiconductors. The ultimate
purpose of the annealing is (i) to determine the an-
nealing activation energy and the frequency of jumps
of defects onto a sink and (ii) to establish whether
a reaction giving rise to the formation of new, more
thermostable defects is possible [18]. In addition, the
annealing processes may possess an application value,
because, by properly selecting the optimum temper-
ature and annealing time, it is possible to purpose-
fully control the defect concentration and thereby to
enhance the thermal, magnetic, tenso-, and photo-
sensitivity of a semiconductor material. On the ba-
sis of such materials, various sensors and electronic
devices can be created. The data obtained for the
annealing activation energy and the jump frequency
of radiation-induced defects onto the sink also al-
low one to estimate the time of stable operation of
an electronic equipment containing elements based
on the irradiated material. Therefore, it is of inter-
est, from the theoretical and practical viewpoints, to
study both the processes taking place at the anneal-
ing of radiation-induced defects in Ge single crystals
and the influence of those defects on various physical
properties of Ge.

2. Experimental Results
and Theoretical Calculations

In our previous work [19], the Hall effect was mea-
sured in n-Ge single crystals doped with the antimony
admixture to the concentration Ny = 5 x 104 ¢cm™3
and irradiated with 10-MeV electrons to various flu-
ences ®. At the electron irradiation fluence ® =
=5 x 10" em™2, radiation-induced defects with the
deep energy level Ec — 0.27 eV, which belongs to
the A-center [13, 20|, were effectively generated. In
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work [13], a point-like defect in Ge with a similar en-
ergy spectrum was simulated as a complex consist-
ing of a vacancy, an oxygen atom, and two inter-
stitial germanium atoms (VOIag.). Irradiated n-Ge
specimens had the conductivity of the n-type, and
the np conversion was observed only at high irradia-
tion doses. In work [21], we carried out a comparative
analysis of the experimental and theoretical temper-
ature dependences of the Hall mobility obtained for
the same n-Ge single crystals. It allowed us to estab-
lish that, under the irradiation conditions mentioned
above, besides A-centers, disordered regions are gen-
erated as well.

The majority of publications dealing with the an-
nealing of radiation-induced defects in germanium
were devoted to the study of the annealing of sim-
ple radiation defects (A- and E-centers, divacancies,
and other defects), which dominate at electron irradi-
ation energies lower than 10 MeV, or complex defects
(disordered regions), which emerge in Ge single crys-
tals irradiated with electrons with energies of a few
dozens of MeVs [22]. In those researches, the electro-
physical properties of germanium single crystals after
the annealing were supposed to be mainly governed
by the mechanisms of annealing of defects belonging
to a definite single type. The case of simultaneous an-
nealing of both simple and complex defects has been
little studied. As a result, there are no adequate mod-
els that would explain the mechanisms of such anneal-
ing, so that its influence on the physical properties of
germanium single crystals remains obscured.

Therefore, in this work, we focused our atten-
tion on the isothermal annealing of n-Ge single crys-
tals irradiated with 10-MeV electrons to the fluence
® = 5 x 10" cm 2. The experimental single crys-
talline n-Ge specimens had characteristic dimensions
of 1 x 2 x 10 mm?. They were irradiated on an elec-
tron accelerator (microtron) M-30, whose parameters
allowed us to form a uniform radiation field with a
density of 4 x 10*! electron/(cm?s) over an area of
100 cm?. The specimens were cooled down by means
of nitrogen vapor. The temperature of irradiated
specimens was monitored remotely with the help of a
copper-constantan thermocouple. The parameters of
the latter were found to be resistant to a prolonged ra-
diation exposure. The role of bremsstrahlung ~- and
neutron radiation in the defect formation in n-Ge
was insignificant under the given experimental con-
ditions, because the corresponding contribution to
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the radiation field of M-30 did not exceed 1%. The
probability of photo- or neutron-nuclear reactions at
an electron energy of 10 MeV is 10* to 10° times
lower than the probability of formation of radiation-
induced defect: the cross-section of the y-n reaction
is about 10 mb, and that of defect formation equals
10-100 b. Therefore, the processes of defect formation
in the examined n-Ge single crystals were associated
with the high-energy electron irradiation only.

Figure 1 demonstrates the measurement results
for the temperature dependences of the Hall con-
stant for specimens annealed for one hour. As one
can see, at the annealing temperatures T = 433
and 448 K, the Hall constant diminishes in compari-
son with that in irradiated (but not annealed) spec-
imens within the whole examined temperature inter-
val. This fact testifies to a growth of the electron
concentration in the conduction band owing to the
annealing of A-centers. The prolongation of the an-
nealing time also resulted in a further reduction of
the Hall constant and, accordingly, the concentration
of A-centers. After the annealing at the temperature
T = 403 K for 1 h, an anomalous growth of the Hall
constant with respect to irradiated (but not annealed)
specimens was revealed (Fig. 1, curve 8), which lasted
up to 3 h (Fig. 2, curve 2).

The annealing of the n-Ge specimen at the tem-
perature Ty = 393 K for an hour stimulated its con-
version into the p-type specimen. A further thermal
treatment for 1 to 3 h at the indicated annealing tem-
perature (Fig. 3, curves 1 and 2) led to a decrease
of the Hall constant at T° > 210 K, which testifies
to an increase of the hole concentration in the va-
lence band of annealed germanium specimens. After
the 6-h annealing, Ge restored the n-type conduc-
tivity owing to a reduction of the concentration of
A-centers. The further annealing led to a reduction
of the Hall constant.

A change of the Hall constant Ry after the anneal-
ing of irradiated n-Ge single crystals can be induced
by both the variation in the concentration of electri-
cally active defects (A-centers) and the appearance
of new complexes with a different energy spectrum
[1,23]. Therefore, in order to interpret the results ob-
tained, we calculated the concentration and the en-
ergy spectrum of radiation-induced defects in the an-
nealed germanium specimens.

Let the equilibrium concentration of radiation de-
fects be equal to N in an n-germanium specimen after
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Fig. 1. Temperature dependences of the Hall constant, |Ry| =
= f(103/T), for irradiated n-Ge single crystals after their
isothermal annealing for 1 h at various temperatures T = 433
(1), 448 (2), 403 (3), and 393 K (4). Curve 5 corresponds to
an unannealed specimen, and curve 6 to non-irradiated one
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Fig. 2. Temperature dependences of the Hall constant, |Ry| =
= f(103/T), for irradiated n-Ge single crystals at the isother-
mal annealing temperature T = 403 K and various annealing
times t =1 (1), 3 (2), and 5 h (38)
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Fig. 8. Temperature dependences of the Hall constant, |Ry| =
= f(103/T), for irradiated n-Ge single crystals after the
isothermal annealing at the temperature Ty = 393 K and var-
ious annealing times t =1 (1), 3 (2), and 6 h (8)

the annealing, and let L acceptor levels correspond
to every such defect. Then, at temperatures, when
shallow donors are completely ionized, and the upper
energy level of radiation-induced defects is partially
ionized, the following electroneutrality equation can
be written down:

N(L—=1)4n,+n=Ng. (1)

Here, n, is the electron concentration at the acceptor
level with the highest energy, n the concentration of
electrons in the conduction band, and N, the donor
impurity concentration. In view of the expressions
for the concentrations n, and n [24],

N F
Mg= ——— p=Neexp|—) P
“ 2 exp (E%;F) +1 e <kT> (2)
Equation (1) can be rewritten in the form
N
N(L—-1)+ +n = Ng, (3)

1+ 2]7\[“ exp (kE—;)

3/2
where N, = % is the effective density of
states in the conduction band, and F the Fermi
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energy. Equation (3) includes three unknown pa-
rameters of radiation-induced defects, which could
change in comparison with irradiated (but not an-
nealed) specimens. These are the concentration N of
radiation-induced defects, the number L of acceptor
levels belonging to every such defect, and the ioniza-
tion energy E, of the acceptor level with the highest
energy. In order to calculate those parameters, let us
write Eq. (3) for three different electron concentra-
tions at three different temperatures. As a result, we
obtain the following system of equations:

N
14 QN:L(ITI) exp (lcb;gl)

+ ng = Ny
2N(T») 3 T(4)
no : eXp (sz)

1 4 2Ne(T5) exp (,fﬁ)

ns

N(L-1)+ +mn1 = Ng,

N(L—-1)+

S|

1+

N({L-1)+ +ng = Ng.

The change of the conductivity type (the np con-
version) in a semiconductor doped with donor impu-
rities takes place owing to the strong compensation
of shallow donor energy levels by acceptor levels of
radiation-induced defects. Suppose that (i) there are
several acceptor levels in a semiconductor with the
p-type conductivity, (ii) the acceptor level with the
lowest energy is partially filled with electrons, and
(iii) all others levels are completely empty. Then, for
the p-specimens annealed at Ty = 393 K, we may
write

Nd+p:na7 (5)

p = Ny exp (E,zTF> (6)

where p is the concentration of holes in the va-

lence band, E, the band gap width in germanium,

3/2
Ny = % is the effective density of states in

the valence band, and m, = 0.3mg is the effective
mass of the density of states for holes. Taking expres-
sion (6) into account, we obtain

N

exp (22
142753 ;SkT)

Ng+p=

(7)
Eq

exp (77)

Now, in order to determine the concentration of

radiation-induced defects and the ionization energy
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E, of the acceptor level, let us write Eq. (7) for the
hole concentrations p; and py at the temperatures T
and T5, respectively:

N
Nd +p1 = . p(Eg) ’
D1 exp (57T B,
1+27NV(T1) exp <le> <
N (8)
Na+p2 =

T A B
2oy OXP T

Based on the values of the effective mass of the den-
sity of states for electrons in the conduction band and
holes in the valence band of germanium, the concen-
tration of antimony impurity Ny = 5x10'* ecm~3, and
the experimental values of electron and hole concen-
trations that were determined from the temperature
dependences of the Hall constant, we calculated the
above-indicated unknown parameters for radiation-
induced defects in Ge specimens subjected to the an-
nealing in various regimes. The results of calculations
showed that the energy spectrum of radiation defects
in the annealed specimens turned out similar to that
determined by us earlier in work [19] for irradiated
(and not annealed) n-Ge single crystals. In partic-
ular, the deep level of A-center at (E.— 0.27) eV
dominated in germanium with the n-type conductiv-
ity, and the level at (Ey 4 0.27) eV in germanium
with the p-type conductivity. This fact testifies that
the formation of defects of other types at the anneal-
ing is either impossible or has a low efficiency. The
calculation results for the concentration of A-centers
in annealed specimens are quoted in Table.

Concentration of A-centers in irradiated
Ge single crystals after the isothermal annealing

Annealing Annealing Concentration
temperature T, K | time ¢, h | of A-centers N, cm™—3
448 1 1.4 x 1014
433 1 2.1 x 1014
1 4.5 x 104
403 3 4.6 x 1014
5 4.4 x 1014
1 5.4 x 1014
393 3 6.2 x 1014
6 3.8 x 1014
Unannealed
specimen - 2.8 x 104
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A high concentration of vacancies in the kernel of a
disordered region is known to facilitate its reconstruc-
tion and the diffusion of vacancies into the conduct-
ing crystal matrix [22]|. Therefore, the diffusing va-
cancies can enter again into quasichemical reactions
with oxygen and interstitial germanium atoms to pro-
duce new A-centers. This scenario can explain the
anomalous annealing obtained by us at the temper-
atures T = 403 and 393 K. Longer annealing times
lead to a reduction in the concentration of disordered
regions and, accordingly, the concentration of vacan-
cies, from which new A-centers can be formed. As a
result of such long-term annealing, new disordered re-
gions, which are thermally more stable, can also be
formed [22]. Then the concentration of vacancies that
arose at the annealing of the kernels of disordered re-
gions will decrease. These processes are responsible
for that the processes of A-center annealing begin to
prevail over the processes of A-center generation at
the annealing temperatures Tg = 403 K (for more
than 3 h) and 393 K (for more than 6 h). In turn,
this stimulates a reduction of the Hall constant in
the case where Ty = 403 K, and the annealing time
equals 5 h (Fig. 2, curve 3), as well as the inverse pn
conversion in irradiated germanium within 6 h in the
case of the annealing temperature T = 393 K.

3. Conclusions

From the analysis of the obtained experimental re-
sults and the results of theoretical calculations, it
follows that, for the researched n-Ge single crystals
irradiated with high-energy (10 MeV) electrons, the
kinetics of accumulation and annealing of radiation-
induced defects can be explained by two mechanisms:
1) annealing of simple (point-like) defects belong-
ing to A-centers and 2) generation of A-centers ow-
ing to the annealing of the kernels of disordered re-
gions, for which the annealing activation energy is
lower than that for A-centers. The efficiency of those
mechanisms depends on both the temperature and
the isothermal annealing time. This fact can explain
the anomalous growth of the Hall constant at the an-
nealing temperature Ty = 403 K during 3 h and the
change of the conductivity type (the np conversion)
in irradiated germanium single crystals after their an-
nealing at the temperature Tg = 393 K.

The isothermal annealing research of n-Ge single
crystals irradiated with high-energy electrons also has
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an application value. The controllable change of the
concentration of radiation defects with deep energy
levels by the annealing should enhance the thermal,
photo-, tenso-, and magnetic sensitivities of irradi-
ated germanium. The latter can be used as a basis
for the creation of high-sensitive temperature, mag-
netic, and pressure sensors, as well as elements of the
infrared technique.
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C.B. Jlynvos, A.l. imum,
M.B. Xeuwyn, B.T. Macwox, I.I. Mezena

OCOBJIMBOCTI BIIIIAJTY
PAJIIALIITHUAX JTEGEKTIB B MOHOKPUCTAJIAX n-Ge,
OIIPOMIHEHUX EJEKTPOHAMU BUCOKUX EHEPTIII

Pesmowme

JocuizkeHo i30TepMivgHMI Biiiajg OIPOMIHEHUX ITIOTOKOM eJjie-
krponi ® = 5 -10'® cm~2 3 emeprieio 10 MeB momokpucra-
niB n-Ge. Ha ocHOBI ofiepzkaHiX TeMIEpaTypHUX 3aJI€XKHOCTEN
crasol Xosa, 3 po3B’sI3KiB PiBHAHB €JIEKTPOHEHTPAJILHOCTI,
OyJ10 06YUCIIEHO KOHIIEHTPAIIIO paianiiHux gedeKTiB, 110 Ha-
nexarb A-1ileHTpaM, B OIpoMiHeHX MOHOKpucTajgax n-Ge j1o i
micss Bignadty. [Ipu remneparypi Binnany Ty = 403 K, gis ga-
ciB BifaJiy /10 TphOX I'OJUH, OYJIO BUSIBJIEHO aHOMAJIbHE 361/1b-
meHHst crajol Xosuta. Bigman nmpu Ttemmeparypi T = 393 K
IIPOTSAATOM O/JIHIET TOJMHM HPU3BIB 110 n—p KoHBepcil. lani ede-
KTH TOSICHIOIOTBCS 3pOCTaHHSIM KOHIIeHTpallil A-1ieHTpiB 3a pa-
XYHOK IeHeparllil BaKaHCii, sIKi yTBOPIOIOThCS IIPH BiAmauii siziep
obJtacTeil PO3BIOPSIKYBaHHS.
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