
Секция 3. “Модификация свойств материалов”

7-я международная конференция «Взаимодействие излучений с твердым телом», 26-28 сентября 2007 г., Минск, Беларусь
7-th International Conference «Interaction of Radiation with Solids», September 26-28, 2007, Minsk, Belarus

174

FORMATION OF HYDROGEN-RELATED SHALLOW DONORS
IN Ge1-xSix CRYSTALS IMPLANTED WITH PROTONS
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It is found that shallow hydrogen-related donors are formed in the proton-implanted dilute Ge1-хSiх alloys (0 £ x £ 0.031) as
well as in Si-free Ge samples upon heat-treatments in the temperature range 225-300oC. The maximum concentration of the
donors is about 1.5´1016 cm-3 for a H+ implantation dose of 1´1015 cm-2. Formation and annihilation temperatures of the proton-
implantation-induced donors do not depend on the Si concentration in Ge1-xSix samples. However, the increase in Si content has
resulted in a decrease of the concentration of the H-related donors. The possible origin of the H-related donors and
mechanisms of Si-induced suppression of their formation are discussed.

Introduction
Hydrogen is a ubiquitous impurity in

semiconductors. It is introduced inadvertently during
plasma processing, wet etching, polishing and some
cleaning processes [1, 2]. Hydrogen implantation is
used in the Smartcut® process to produce thin films
of semiconductors, usually on insulator [3, 4]. Much
work has been done to understand the behaviour of
hydrogen in silicon but relatively little in other
semiconductors. Germanium-on-insulator (GeOI),
which combines high mobility of charge carriers with
the advantages of a semiconductor-on-insulator
structure, is an attractive integration platform for the
future integrated circuit technology [5]. The
Smartcut® process can be used for the production
GeOI structures, however, for its effective
application, defect reactions associated with the
hydrogen implantation and following annealing of Ge
wafers should be understand.

In our previous work we have started to probe the
electronic properties of hydrogen-related defects in
H-implanted and heat-treated Ge crystals [6,7]. An
application of the Laplace DLTS technique [8] in situ
after low temperature proton implantation into
crystalline n-type germanium has allowed us to
identify the donor level of a metastable trigonal
centre of isolated hydrogen [6]. The activation energy
of electron emission from the donor has been found
to be ~110 meV when extrapolated to zero electric
field. The centre is assigned to the bond-centre
hydrogen as a result of the analysis of its formation
and annealing properties and symmetry [6]. It is the
analogue of the well-established bond-centre
configuration of isolated hydrogen in Si [9,10]. A
search for the complementary interstitial-site
acceptor level failed, indicating that this level is very
shallow or resonant with the valence band [6]. These
findings comply with theoretical expectations [11].

Further, it has been found that heat-treatments of
the proton-implanted Ge samples in the temperature
range 200-300oC result in the formation of shallow
hydrogen-related donors [7]. The maximum
concentration of the donors is about 2´1016 cm-3 for
a H+ implantation dose of 1´1015 cm-2. An analysis of
changes in the spatial distribution of the H-related
donors upon isothermal and isochronal anneals has
shown that the donors appear in a region which is

close to the projected depth of implanted protons at
the initial stages of heat-treatments in the
temperature range 200-300oC and spread out of this
region upon an increase in annealing time or
annealing temperature [7]. It has been suggested
that complexes of hydrogen atoms with intrinsic point
defects can be associated with the H-implantation-
induced shallow donor centers.

Results of a study of defects induced by proton
implantations followed by anneals in Ge-rich SiGe
alloys are reported in this paper.

Experimental details
Samples for this study were prepared from dilute

Ge1-хSiх (0 £ x £ 0.031) alloy crystals, which were
grown by the Czochralski technique at the Institute
for Crystal Growth in Berlin, Germany [12]. The
crystals were doped with phosphorus during growth.
The phosphorus concentration was in the range
1´1015 to  3´1015 cm-3. Schottky diodes for
capacitance measurements were fabricated by
thermal evaporation of Au on polished surfaces. The
thickness of deposited Au layers was about 200 nm.
The samples were implanted with 300 keV protons
(H+) through the Au layers at room temperature. The
fluence of implantation was 1´1015 sm-2. The mean
projected depth of 300 keV H+ ions in germanium
was calculated to be about 3 μm. 20 minute
isochronal annealing of the samples was carried out
in the temperature range 50-300 °C in a dry nitrogen
ambient.

The concentration profiles of shallow donors in
the implanted and annealed samples were measured
with the use of capacitance-voltage (C-V) technique
at room temperature. Deep electronic levels were
characterized with conventional deep level transient
spectroscopy (DLTS).

Experimental results
Fig. 1 shows changes in depth profiles of

uncompensated shallow donors upon isochronal
anneals of proton-implanted Ge1-хSiх samples with
different Si content. The donor profiles for as-grown
non-irradiated samples are also shown. The proton
implantation has resulted in a non-uniform decrease
in the concentration of shallow donors in near-
surface regions of the samples. The positions of the
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minima in the donor concentration profiles
correspond to the projected depth of implanted
protons. According to a combined analysis of the
donor concentration profiles and concentrations of
deep level defects deduced from DLTS spectra, the
decrease in the donor concentration is related to the
removal of the donor activity of phosphorus atoms as
well as to their compensation because of the
introduction of implantation-induced deep acceptor
levels. Isochronal anneals of the implanted samples
in the temperature range 50-200 °C have not
induced essential changes in the donor
concentration profiles in all the implanted samples.
However, the concentration profiles have been
changed drastically upon further anneals at 250 and
275 °C. Anneals at these temperatures have resulted
in the substantial increase in the donor concentration
in all the samples. The peaks in the donor
concentration profiles occur at the projected depth of
implanted protons. Fig. 1 shows that the
concentrations of the introduced donors significantly
exceed the concentrations of shallow donor impurity
atoms, which were introduced during growth. Fig. 2
shows the donor concentration profiles in the proton
implanted Ge1-хSiх samples with different Si content,
which were subjected to the 20-min anneals at 275
°C. It can be seen that the concentrations of donors
induced by the proton implantation and the
subsequent heat-treatment depend on the silicon
content in the Ge1-хSiх samples. The maximum donor
concentration of about 1.5´1016 cm-3 has been
observed in the crystals with the lowest Si content
(0.08 at. %). The increase in the concentration of
silicon atoms in  the  GeSi  alloy  samples  results  in  a
decrease in the concentration of the proton-
implantation-induced donors. In a GeSi crystal
containing 3.1 at. % Si atoms the maximum donor
concentration is about 5´1015 cm-3. . 3 shows the

DLTS spectra of the GeSi alloy samples with different
Si content. It can be seen on the contrary that the
concentration of radiative defects significantly
increases when the content of Si in allow increases.

Discussion and summary
The introduction of shallow donor centers into Si

crystals as a result of proton implantation followed by
annealing in the temperature range 300-400 °C is a
well-documented fact [1, 2, 13, 14]. It was suggested
that these donors are related to complexes of
hydrogen atoms with intrinsic interstitial-related
defects induced by the implantation [13], however
the microscopic structure of the proton-implantation-
induced donors is still not well understood.

Bearing in mind the similarity of hydrogen-defect
complexes found in proton-implanted Si and Ge
crystals by means of infrared absorption [15, 16], an
observation of the introduction of shallow donor
centers in proton-implanted and heat-treated Ge
crystals is not a surprising result [7]. Usually defect
reactions in Ge crystals occur at temperatures of
about 100 °C lower than the similar reactions in
silicon. So, it might be very possible that the proton-
implantation-induced shallow donors in Ge are
analogues of the shallow donor defects, which are
formed upon the similar circumstances in Si.

The results of the present study show that
shallow donor centers are introduced also in dilute
Ge1-xSix alloy crystals subjected to a proton
implantation followed by heat-treatments in the
temperature range 225-275 °C. It appears that the
formation and annihilation temperatures of the
proton-implantation-induced donors do not depend
on the Si concentration in the Ge1-xSix samples.
However, the increase in the Si content has resulted
in a decrease in the concentration of the H-related
donors (Fig. 2) and in the increase in the
concentration of deep radiative defects (Fig. 3).
According to results of a recent infrared absorption
study [17], Si impurity atoms in Ge-rich SiGe alloys
can serve as effective traps for mobile hydrogen
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Fig.1. Profiles of uncompensated shallow donor in Ge1-

xSix samples with the Si content; x: a) 0.0008, b) 0.012,
and c) 0.031. The profiles were measured on the same
samples after the following treatments: 1) deposition of
Au layer, 2) implantation with 300 keV protons (F =
1´1015 cm-2) at room temperature; 3)-5) subsequent
20-min heat-treatments at 200, 250 and 275 °C,
respectively.
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Fig. 2. Profiles of uncompensated shallow donor in
Ge1-xSix samples with different Si content, which were
subjected to the implantation with 300 keV protons (F
= 1´1015 cm-2) at room temperature with the following
20-min heat-treatment at 275 °C. The Si content in the
samples was, x: 1) 0.0008, 2) 0.012, and 3) 0.031.
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atoms and some of the observed Si-H complexes are
found to be stable up to 200 °C. Taking into account
these findings, it can be suggested that the observed
decrease in the concentration of proton-implantation-
induced shallow donors with the increase in the Si
content in the Ge1-xSix samples is related to
interactions of mobile hydrogen atoms with Si
impurity atoms. On the other hand it leads to the
decrease in the efficacy of hydrogen passivation in
consequence of which the concentration of radiative
defects increase when the content of Si in allow
increases. Thus, a reduced amount of implanted
hydrogen atoms can be involved in defect reactions

with intrinsic Ge centers, which result in the
formation of complexes exhibiting shallow donor
properties in germanium.
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Fig. 3. DLTS spectra in Ge1-xSix . X, %: 1- 3.1, 2- 1.2,
3- 0.08. Electron emission 2000 s-1.


