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Thermal donor and antimony energy levels in relaxed Si12xGex layers
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Shallow energy levels in molecular-beam epitaxially grown relaxed Si12xGex layers withx50.05 and 0.1
have been investigated by admittance spectroscopy and thermally stimulated capacitance. The shallow levels
observed in as-grown layers have been identified as related to Sb and thermal donors~TD’s!. The Sb related
donor level has an activation energy of 33 meV and 32 meV for the Si12xGex layers withx50.05 and 0.1,
respectively. Forx50.1, the TD’s have a concentration of;531014 cm23 and the level exhibits a gradual
shift in energy position from 32 to 28 meV below the conduction-band edge during annealing at 470 °C for 36
h but no significant change in intensity occurs. The TD’s appear to be single donors and no generation of the
thermal double donors during the annealing at 470 °C for 36 h has been observed.
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During recent years a series of investigations of shal
levels in Si12xGex have been performed. It was found th
the ionization energies of the shallow group-V donorsP,1

and group-III acceptorsB,2 decrease with increasing Ge co
tent, in qualitative accordance with the effective-mass the
~EMT!.3 Although one can expect other shallow donors a
acceptors to follow the same trend, the experimental con
mation is still to be obtained. This holds also for oxyge
related thermal donors~TD’s!.

Several groups of the thermal donors originating from
oxygen clustering can be distinguished in silicon by the
sition of their levels in the band gap:~i! thermal double
donors~TDD’s! ~see Ref. 4 and references therein!, ~ii ! shal-
low thermal donors~STD’s!,5 and ~iii ! ultrashallow thermal
donors~USTD’s!.6 The level positions for the thermal dono
can be described in terms of EMT, where a TDD is a heliu
like center, with the ionization energies;60 and ;150
meV,4 and an STD and a USTD are hydrogen-like ones, w
the ionization energies;37 meV ~Ref. 5! and ;25–30
meV,6,7 respectively. All these centers are normally form
in the temperature range of 400–550 °C. A fundamental f
ture of these TD’s is that their ionization energies decre
gradually during heat treatment, which is normally attribut
to an increase in the number of oxygen atoms cluste
around the electrically active core structure of the TD’s.

At higher temperatures~.600 °C! some of TD’s annihi-
late and so-called new thermal donors~ND’s! are generated
ND’s are known to be of different natures; it has been
ported that ND’s can be double donors, single donors,8,9 can
have a band of levels,10,11 or can be deep donors.12 It is not
quite clear whether all the ND’s, formed at higher tempe
tures, are inherently new defects, or a redistribution of o
gen from unstable TD’s that gives rise to a number of m
stable donors, which may have negligible concentration
low temperatures.

The investigations of TD’s in Si12xGex would not only
give information on how different TD’s obey the predictio
of EMT in an alloy but also reveal the kinetics of the TD
formation and annihilation as a function of the compositio
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A control of the generation of TD’s may have a crucial im
pact on the performance of Si12xGex based devices. How
ever, up to now the formation of TD’s in Czochralski-grow
Si12xGex alloys was observed only for a Ge content
<1.5%.13

In this contribution we report on TD’s and antimony sha
low levels in molecular-beam epitaxially~MBE! grown re-
laxed Si12xGex layers withx50.05 and 0.1 observed by ad
mittance spectroscopy~ADSPEC! and thermally stimulated
capacitance~TSCAP!.

The relaxed Si12xGex layers withx50.05 and 0.1 were
grown by MBE on~100! Si substrates using the compos
tional grading technique. With this technique, fully relax
layers with threading dislocation densities of less than
3105 cm22 are routinely obtained.14 The Ge content in the
buffer layer was linearly graded from 0% to a required co
tent with a grading rate of 10%/mm. The 4-mm-thick top
layer of constant Ge content, in which the measureme
were performed, was uniformly Sb doped to;5
31015cm23. The growth temperature and the deposition r
were 800 °C and 5 Å/s for both the graded buffer layer a
the top uniform layer. High-resolution x-ray-diffraction me
surements demonstrated complete relaxation of the top l
within the experimental accuracy. Investigations by seco
ary ion mass spectrometry revealed an oxygen conten
,531016cm23 and a relatively high carbon content o
;1018cm23. Schottky diodes made by Au deposition we
used in the experiment. The samples were investigated
ADSPEC and TSCAP from 15 K to room temperature a
reverse bias of 5 V and frequencies from 1 kHz to 1 MHz.

The ADSPEC and TSCAP spectra of the as-gro
Si12xGex samples withx50.05 and 0.1 are shown in Fig. 1
At least two shallow levels labeled asL1 and L2 are de-
tected for both compositions. As seen in Fig. 1~a!, the major
peak (L1) in the ADSPEC spectra forx50.1 is located at a
lower temperature than that forx50.05. The same is ob
served in the TSCAP spectra; the drop of the capacita
(L1) for x50.1 occurs at lower temperatures than that
x50.05. The position of another, minor shallow level (L2)
1708 ©2000 The American Physical Society



e-
th

an

es

ith
ion,
o
the

ted
um
a
ge
h-

Sb
a-
. 4

el
the
in
2
e
nder

are

rent

on

ted
by

PRB 61 1709BRIEF REPORTS
is also different in the two samples. In the sample withx
50.05, L1 andL2 overlap strongly and are almost not r
solvable. Because of the higher Ge content and the fact
L1 andL2 do not overlap, the sample withx50.1 has been
chosen for further annealing studies.

The evolution of the shallow levels in the sample withx
50.1 after annealing at 470 °C for different durations in
O2 atmosphere is demonstrated in Fig. 2~only ADSPEC

FIG. 1. ADSPEC~a! and TSCAP~b! spectra of the relaxed
Si12xGex layers withx50.05 ~dashed curve! and 0.1~solid curve!.

FIG. 2. ADSPEC spectra of the relaxed Si12xGex layers with
x50.1 annealed at 470 °C for different times.
at

spectra are shown!. It is found that the major levelL1 in the
ADSPEC and TSCAP spectra is stable for annealing tim
up to 36 h. In contrast, the minor levelL2 in the ADSPEC
and TSCAP spectra shifts towards lower temperatures w
increasing annealing time. Despite the change in posit
however, the intensity ofL2 remains almost constant. N
other donor levels have been observed to appear after
annealing at 470 °C.

The stability of the observed levels has been investiga
by a high-temperature annealing at 850 °C in vacu
(;1028 Torr) for 14 h. As shown in Fig. 3, this results in
shift of L2 to a lower temperature but no significant chan
in the intensity is observed. No effect of the hig
temperature annealing onL1 is detected.

Arrhenius plots forL1 in the samples withx50.05 and
0.1 and forL2 in the sample withx50.1 deduced from the
TSCAP measurements are shown in Fig. 4. The levelL1,
which is stable during the annealing, is assigned to the
donor, whileL2 is identified as a TD related level. The st
tistical error for the activation energies presented in Fig
has been estimated to be 0.5 meV.

According to EMT, the activation energy of the Sb lev
in Si12xGex must decrease with increasing Ge content. In
present investigations the activation energy of Sb
Si12xGex with x50.05 and 0.1 is found to be 33 and 3
meV, respectively~Fig. 4!. It should be mentioned that th
values of the activation energies have been deduced u
the assumption that the electron capture cross sections
temperature independent.

Table I contains the activation energies and the appa
capture cross sections of the observed TD’s (L2) as deter-
mined from the TSCAP spectra forx50.1 before and after
annealing at 470 °C for different durations. The activati
energy decreases gradually with annealing time.

The concentration of TD’s in the layers can be estima
by the drop in the capacitance in the TSCAP spectra and
the peak intensity in the ADSPEC spectra~Fig. 1!. Taking
into account that the concentration of Sb is;5

FIG. 3. ADSPEC spectra of the relaxed Si12xGex layers with
x50.1 before and after annealing at 850 °C for 14 h.
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31015cm23, one can estimate the TD’s concentration
;531014cm23.

In the present investigation, there is no conclusive indi
tion whetherL2 is a double donor in a neutral or sing
ionized state, or a single donor. However, it is establish
that the ionization energy of the neutral TD’s in Si can va
in a relatively narrow range from 50 meV to 69 meV a
that of the singly ionized from 114 meV to 156 meV.4 On the
other hand, the activation energy of the family of STD’s w
found to change from 37.4 meV to 34.7 meV following
dependence on the number of oxygen atoms similar to
for TDD’s.5 Theoretically, it has been shown recently that
least two families of oxygen related STD’s can exist:~a! with
a nitrogen atom in the core and~b! with a carbon-hydrogen
complex in the core.15,16 Because of the facts that~i! the
activation energy of the TD’s level~Table I! is close to that
of STD’s in Si, ~ii ! the level shifts to a shallower energ
position during the heat treatment, and~iii ! no other levels of
similar intensity and annealing behavior, which could in
cate another charge state, have been observed, it is

FIG. 4. Arrhenius plots for the levelL1 in the samples withx
50.05 and 0.1 and for the levelL2 in the sample withx50.1. The
plots were deduced from the TSCAP measurements.
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tempting to identify the observed TD’s in the carbon-ric
(;1018cm23) Si12xGex layers as STD’s with a carbon
based core.

On the other hand, since the formation of the observ
TD’s occurs during the layer growth at 800 °C,L2 can also
be attributed to ND’s. As mentioned previously, ND’s ca
have different structure, composition, and electrical prop
ties. Because of the relatively low oxygen content in t
layers (,531016cm23) and the evolution of the level posi
tion with time at 470 °C, the observed TD’s are unlikely
originate from silicon or germanium oxide precipitates. He
it should be pointed out that hydrogen-like STD’s with th
activation energy in the range of 28–34 eV have been
served in carbon-rich silicon, which remain stable at te
peratures from 400 °C to 800 °C.17,18 Thus, one can again
suggest that the TD’s observed in the present investigat
are the STD’s with a carbon-based core stable up to 850
and with a varying number of oxygen atoms around the c
structure.

In conclusion, epitaxial relaxed Si12xGex layers with x
50.05 and 0.1 grown at 800 °C by MBE have been inve
gated by ADSPEC and TSCAP. Sb related donor levels w
activation energies of 33 meV and 32 meV forx50.05 and
0.1, respectively, have been observed. For both of the c
positions, other shallow donors with a concentration of ab
531014cm23 have been detected in the as-grown films. F
x50.1, the activation energy of these donors exhibits
gradual shift from 32 to 28 meV during annealing at 470
for 36 h but their concentration stays essentially consta
The shallow donors remain stable up to at least 850 °C
have been tentatively identified as carbon-oxygen rela
thermal donors. Any formation of thermal double dono
during heat treatment at 470 °C for 36 h has not been
served.
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TABLE I. The activation energy and the apparent capture cr
section ofL2 in Si0.9Ge0.1 as determined by TSCAP after annealin
at 470 °C.

Annealing time~h! E1 ~meV! Cross section~cm2!

0 31.7 5310221

12 28.5 3310220

36 27.8 3310220
J.
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