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We present a lattice location study of the n-type dopant arsenic after ion implantation into
germanium. By means of electron emission channeling experiments, we have observed that the
implanted As atoms substitute the Ge host atoms and that, in contrast to several implanted metal
impurities in Ge, no significant fraction of As is found on interstitial sites. The substitutional As
impurities are found to be thermally stable up to 600 °C. After 700 °C annealing a strong reduction
of emission channeling effects was observed, in full accordance with the expected diffusion-
induced broadening of the As profile. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3692761]

. INTRODUCTION

The most important advantage of Si over any other
semiconducting material, i.e., its natural stable oxide SiO,,
has reached its physical limits and is not able to follow the
current down-scaling trend of semiconductor technology.
Since SiO; is being replaced by high-x materials, the quest
for other semiconductor materials to replace Si is becoming
more and more important. Because of its high carrier mobil-
ity and its compatibility with the well-studied Si-based tech-
nology, Ge is one of the promising candidates to replace Si
as the active layer in semiconductor devices.

Both the diffusion and the activation behavior for p-type
and n-type dopants in Ge have been investigated in detail.
While p-type doping of Ge (with B) is quite promising, due
to its low diffusion rate, n-type doping seems to be more
problematic. Similar to P, As has shown transient enhanced
diffusion, which limits the thermal budget that can be used
during device processing.' The activation behavior of ion
implanted As in Ge has been repeatedly studied and reported
in literature as well.””’ For low concentrations of ion
implanted As in Ge (i.e., below 3 x 10'’/cm?), good to per-
fect activation has been observed after a typical annealing
temperature of 500°C.%* However, when having higher As
concentrations (up to a few atomic percent), the electrical
activation level was found to be significantly smaller than
the chemical concentration, with a maximum electrical acti-
vation of ~4 x 10"/cm?®*”’

While it is widely accepted that the active fraction of
group V dopants in Ge occupy the substitutional lattice site in
group IV semiconductors, there is no direct information avail-
able in literature on the exact lattice location of As in Ge. The
main reason for this can be found in the limitations of the
commonly used experimental lattice location techniques.
Rutherford backscattering spectrometry experiments in chan-

“Electronic mail: stefan.decoster@fys.kuleuven.be.

0021-8979/2012/111(5)/053528/7/$30.00

111, 053528-1

neling geometry (RBS/C) are highly compromised, because
of the comparable Z value of As and Ge, which leads to an
overlap of their backscattering signals. Furthermore, fluores-
cent X-ray absorption techniques are difficult, due to the
strong interference from the fluorescent X-rays from the Ge
matrix with the fluorescent X-rays from the As dopants.
Finally, techniques based on hyperfine interactions, such as
Maossbauer spectroscopy, simply lack a suitable probe.

One of the very few experimental techniques, capable
of providing detailed, accurate and direct information on
the lattice location of As atoms in the Ge matrix, is elec-
tron emission channeling (EC). This technique has repeat-
edly proven its strength in determining the lattice site of a
broad range of ion implanted impurities in Ge®'? as well
as in several other single-crystalline materials.'*™” In par-
ticular, recent EC experiments in Ge have shown that this
technique is capable of observing small fractions of impur-
ities, both on substitutional and on interstitial sites, such as
the bond-centered (BC) site®'? or the tetrahedral interstitial
(T) site.®

In this paper, we present an emission channeling study
of the lattice location of ion implanted As in Ge, as well as
of the thermal stability of the occupied lattice sites. We will
show that the large majority of As atoms are located on an
undisplaced substitutional site in Ge, which is in contrast to
several metal impurities in Ge for which, besides substitu-
tional sites, also large interstitial fractions were found. Fur-
thermore, we will discuss experimental and theoretical
indications that the As atoms do not occupy the so-called
split-vacancy configuration in the As-monovacancy (As-V)
complexes, unlike many other impurity-vacancy complexes
in Ge, but instead prefer the full-vacancy configuration.
Finally, we will also show that the EC experiment can be
used to obtain information on the depth distribution of the
diffused As atoms in Ge, which leads us to conclude that the
As atoms also occupy the substitutional site after long-range
diffusion.

© 2012 American Institute of Physics

Downloaded 09 Mar 2012 to 134.58.253.30. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3692761
http://dx.doi.org/10.1063/1.3692761

053528-2 Decoster et al.

Il. EXPERIMENTAL METHOD AND DETAILS

When charged particles travel through the rows and
planes of atoms in a single-crystalline material, they will be
steered preferentially along or in between the atomic rows and
planes, depending on their charge state. The electron emission
channeling technique makes use of this effect by implanting a
radioactive probe of the element under investigation in a
single-crystalline matrix and then measuring the anisotropic
emission of the charged decay particles along a selection of
low-index crystalline directions with a two-dimensional
energy- and position-sensitive detector.'® These emission pat-
terns are characteristic for the occupied lattice sites of the
implanted probe atoms, and through measuring along several
crystalline directions under the same conditions, it is possible
to extract unique information on the lattice location of the
probe atoms. Quantitative and qualitative information on the
lattice location of the implanted impurities is obtained by fit-
ting simulated patterns to the experimental data. The theoreti-
cal framework of these calculations is based on the so-called
many beam formalism, and more information on these calcu-
lations and on the fitting procedure can be found in Refs. 18,
19, and 20. Simulated patterns are calculated for a large num-
ber of high-symmetry sites, as well as for discrete displace-
ments between these sites. In Fig. 1, a selection of high-
symmetry sites in the (110)-plane of a diamond crystal lattice
are presented, together with their corresponding electron
emission patterns along the (211) direction, for the experi-
mental conditions used in this study. The significant differen-
ces between all of these emission patterns are a good
indication of the strength of this technique to differentiate
between a broad range of possible lattice sites. Finally, in
order to obtain an accurate quantitative lattice location deter-

N (110) plane
\l 6 diamond crystal lattice
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mination, the influence of electrons that are first backscattered
in the sample or that scatter on the inside of the vacuum tubes
of the experimental setup, needs to be taken into account.
These electrons give rise to an isotropic background to the ex-
perimental patterns and therefore need to be extracted from
the final results. This correction factor is obtained by perform-
ing GEANT4?! simulations for the experimental vacuum setup,
for each of the measured crystalline directions.

In order to study the lattice location of As in Ge, we
have implanted the radioactive "*As isotope in undoped
(111)-oriented bulk Ge. The room temperature implantations
were performed at the on-line isotope separator (ISOLDE)
facility at CERN, Geneva, with an energy of 60 keV and a
fluence of 1 x 1013/cm2, resulting in a local maximum con-
centration of 2.5 x 10'¥/cm®. The 7As isotope decays by
electron capture to "°Ge with a half life of 80.30 d, emitting
42 keV and 52 keV conversion electrons. The electron emis-
sion patterns have been measured along the (111), (100),
(110) and (211) direction. In situ in-vacuum (<10~ mbar)
10 min annealing steps were performed to study the thermal
stability of the occupied lattice sites.

lll. RESULTS

As a representative example for the rest of the experi-
mental patterns, Figs. 2(a)-2(d) show the measured 2-
dimensional normalized conversion electron emission
patterns from ion implanted "*As in Ge after annealing at
400°C, along the (111), (100), (110) and (211) direction,
respectively. It is readily visible that all four patterns show
an increased electron yield around the measured crystalline
direction. This is characteristic for the channeling effect of
substitutional probe atoms, since the negatively charged

<211> simulated patterns

[deg]

FIG. 1. (Color online) (Left) High-symmetry sites on the (110) plane in a diamond crystal lattice: S (substitutional site), Y (ytterbium site), BC (bond-centered
site), AB (anti-bonding site), SP (split site), T (tetrahedral interstitial site), H (hexagonal interstitial site), C (C,y site), and DS (displaced substitutional site);
(right) simulated 7>As emission patterns of these high-symmetry sites, as seen along the (211) direction of Ge.
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Best fit

Experiment

(a) \u

FIG. 2. (Color online) (a)-(d) Normalized conversion electron emission pat-
terns from 60 keV ion implanted 3As in Ge, after a 10 min in-vacuum
annealing step at 400 °C, along the (111), (100), (110) and (211) direction,
respectively; (e)-(h) the best fits to these experimental patterns, respectively,
corresponding to 90%, 106%, 92% and 82% of the As atoms on the substitu-
tional site with a root mean square displacement of 0.08 A

electrons are guided along the row of atoms (with a posi-
tively charged core) of this particular crystallographic direc-
tion. In order to obtain unambiguous results, all four patterns
have been fitted simultaneously to a linear combination of
simulated patterns for As on high-symmetry sites (see Fig. 1)
with different dynamic displacements and discrete displace-
ments between these sites.

Although previous EC results have indicated that several
impurities in Ge not only occupy the substitutional site but
also other high-symmetry sites, such as the BC site and the T
site,*!? an excellent fit to the presented data in Figs. 2(a)—
2(d), which is consistent in all four directions, is obtained by
assuming that all As atoms occupy an undisplaced substitu-
tional site. Adding a second or third fraction to the substitu-
tional fraction did not result in a significant fit improvement.

J. Appl. Phys. 111, 053528 (2012)
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FIG. 3. (a) The fitted fraction of As atoms on the substitutional site in Ge as
a function of annealing temperature, averaged for the four measured crystal-
lographic directions. The error bars represent the spread in fitted fractions
for the different crystalline directions. The dotted line is only to be used as a
visual guideline. (b) The root mean square displacement of the substitutional
As atoms, as obtained from averaging the best fits of the four measured crys-
tallographic directions for each annealing temperature. The dashed line rep-
resents the value (0.08 A) used for the fitted substitutional fractions in (a), as
well as for the best fit patterns in Figs. 2(e)-2(h). The dotted line (0.07 A)
represents the expected thermal root mean square displacement value at
room temperature.

The best fits to the experimental patterns in Figs. 2(a)-2(d)
are presented in Figs. 2(e)-2(h), and clearly show a very
good correspondence between experiment and fit. These fits
correspond to a substitutional occupation of, respectively,
90%, 106%, 92%, and 82%, with a root mean square atomic
displacement of 0.08 A. Averaging over the four measured
crystal directions, 93( fﬁ)% of the implanted As atoms are
found to occupy an undisplaced substitutional site, after a
400 °C annealing step in Ge.

This data analysis procedure has been applied to all the
experimental patterns, and similar results have been obtained
for the as-implanted state, as well as for the different annealing
steps up to 700°C, i.e., the As atoms only occupy an undis-
placed substitutional site in Ge. An overview of these results is
presented in Fig. 3(a), where the fraction of the As atoms that
are found on the undisplaced substitutional site is plotted as a
function of the annealing temperature. These values are
obtained by averaging the fit results to the emission patterns
around the four measured crystallographic directions, and the
error bars represent the spread of the four fitted fractions.

In order to study the displacement of the As atoms from
perfect substitutional sites, both a static displacement as well as
a dynamic displacement can be applied to the simulated patterns
used in the fitting procedure. While a static displacement—i.e.,
assuming that all As atoms occupy a site that is displaced from
the substitutional site in a particular direction—did not result in
an improved fit, we have also varied the root mean square
displacement (dynamical displacement) of the substitutional As
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impurities. The dynamical displacement values resulting in the
best fit to the experimental patterns, when leaving this parameter
free in the fitting procedure, are shown in Fig. 3(b). From this
analysis, an average dynamical displacement of 0.08 A (dashed
line) is found, and this value has been fixed to obtain the fit
results shown in Fig. 3(a). This value is close to the expected
thermal vibration (root mean square displacement) of the As
atoms in Ge at room temperature, i.e., 0.07 A (dotted line in
Fig. 3(b)). Therefore, we can conclude that the majority of the
As atoms are located on an undisplaced substitutional site.

IV. DISCUSSION
A. Substitutional fraction

As can be seen in Fig. 3(a), close to 100% of the
implanted As atoms occupy the undisplaced substitutional
site for the annealing steps from 230 °C to 600 °C. This is in
good agreement with electrical activation studies, where
high activation levels were observed for a low concentration
of implanted As atoms.”

There are two features in Fig. 3(a) that need more expla-
nation. First of all, there is a clear reduction in the fitted sub-
stitutional fraction after annealing at 700 °C. This reduction
can be attributed to diffusion and will be explained in detail
below. Secondly, the fitted substitutional fraction in the as-
implanted state is significantly smaller than after the first
annealing step at 230°C. This effect can be related to
implantation-induced defects in the Ge crystal lattice.
Because of these implantation-induced defects, some of the
implanted As dopants will be embedded in a defective crys-
talline region, which will reduce the channeling effect and
render the electron emission more isotropic. Moreover, some
of the conversion electrons, emitted from As atoms located
in a defect-free crystalline region, will travel through dam-
aged crystalline regions, which increases their dechanneling
probability, resulting in a weaker channeling effect and, con-
sequently, in a more isotropic emission pattern. Therefore,
the lower fitted substitutional fraction in the as-implanted
state does not necessarily mean that less As atoms occupy
the substitutional site, but is most likely a sign of
implantation-induced defects in the Ge lattice. For similar
reasons, the increase in fitted substitutional fraction after
annealing at 230 °C can be attributed to the local recovery of
the defective Ge matrix. This effect has also been observed
in other EC experiments in Ge®'"*? as well as in Si."?

B. As-V complexes

Although there is no direct way from this emission chan-
neling experiment to determine whether As-V complexes are
present in the studied sample, there are several reasons to
expect their presence. First of all, it is known that ion im-
plantation creates a excessive number of vacancies, which
are mobile in Ge at room temperature.”> A significant frac-
tion of these vacancies will recombine with self-interstitials
or form multivacancy complexes, but it can also be expected
that a smaller fraction will be trapped by the As impurities.
Secondly, substitutional As impurities in Ge, as group V ele-
ments in a group IV semiconductor, are positively charged

J. Appl. Phys. 111, 053528 (2012)

donors that electrostatically attract the negative vacancies
and are therefore expected to be effective vacancy traps in
Ge.>*?> Finally, in a large number of EC lattice location
studies for implanted impurities in Ge®*'*?? as well as in
Si,'*132% there are strong indications that impurity-vacancy
complexes are present. These reasons indicate that it is very
likely that As-V complexes are present in the investigated
sample, and the consequences of their possible presence will
be discussed here.

From the fit results of this EC experiment, there is no
sign of interstitial As atoms after ion implantation in Ge.*’
This finding is in clear contrast to what was found from ear-
lier EC experiments for a range of other impurities (Mn,"?
Fe, Cu and Ag,9 In,10 Sn,11 and Erg) in Ge, where a signifi-
cant fraction of these impurities was found on the bond-
centered site, i.e., a site in the center of two nearest neighbor
substitutional sites. This behavior was attributed to the cap-
ture of vacancies by substitutional impurity atoms. Corrobo-
rated by density functional theory (DFT) calculations,”' !
it was concluded, that the impurity-vacancy complex in the
so-called full-vacancy configuration—i.e. with the impurity
on the substitutional site and a vacancy as nearest neighbor
—is unstable and results in a large force on the impurity
along the (111) direction. The impurity is then pushed
toward the vacant lattice position and a stable configuration
is reached when the impurity occupies the bond-centered site
with two vacant lattice positions on each neighboring substi-
tutional site, i.e., the so-called split-vacancy configuration. A
visual representation of these two impurity-vacancy configu-
rations can be found in Ref. 11.

Since we have not seen any sign of As on the BC site,
and since we do expect As-V complexes to be present, this
leads us to believe that the As-V complexes prefer the full-
vacancy configuration. Moreover, since no large displace-
ments are found (see Fig. 3(b)), it can be expected that the
As atoms in the As-V complexes occupy a lattice site very
close to the substitutional site. In order to verify this state-
ment, we have performed complementary DFT calculations.
The calculations were done by the APWlo method®® within
DFT,*’ as implemented in the WIEN2 K code.*>*' More
details of these calculations can be found in Refs. 9 and 11.
From these calculations, it was found that, in contrast to
many other impurity-vacancy complexes in Ge, the split-
vacancy configuration of the As-V complex is not stable and
relaxes to the stable full-vacancy configuration. The As im-
purity in the full-vacancy configuration of the As-V complex
was calculated to be slightly displaced (by 0.28 A) from the
ideal substitutional site. These findings are in agreement
with literature, where the full-vacancy configuration for the
As-V complex was calculated by different implementations
of DFT theory to be energetically more favorable than the
split-vacancy configuration, and where displacements of
0.19-0.24 A from the perfect S site were obtained.>* >
Furthermore, all these calculations are in agreement with the
experimental results obtained here,36 and although we have
no unambiguous experimental proof that As-V complexes
are present in this study, we have strong experimental and
theoretical indications that As-V complexes prefer the full-
vacancy configuration over the split-vacancy configuration,
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in contrast to several other impurities (Mn, Fe, Cu, Ag, In,
Sn, and Er) in Ge.

It must be noted that the observation of an As-V com-
plex has been reported in literature. From deep level tran-
sient spectroscopy, an electron trap was attributed to an
As-V complex after high energy 7y-irradiation of As-doped
Ge, and this trap was found to disappear between 100 °C and
150°C.>" However, from the EC data analysis presented here,
we can only conclude that the As atoms have the same lattice
location behavior in the as-implanted state and after the first
annealing step at 230°C, only with different fractions.
Assuming that the observed electron trap is indeed related to
an As-V complex, this could mean (1) that the As atoms in
the As-V complexes occupy a perfect substitutional site,
which makes them undistinguishable from As atoms without
a nearest neighbor vacancy, or (2) that there are very limited
or no As-V complexes present in the investigated sample.

C. As diffusion

As mentioned above, the drastic reduction in the fitted
substitutional fraction after annealing at 700 °C for 10 min in
vacuum, is not related to a change in the lattice site behavior
of the implanted As atoms. Instead, it can be attributed to dif-
fusion, which is in agreement with the fact that As impurities
are mobile in Ge at this temperature.”>**** The reduced fit-
ted substitutional fraction can be explained as follows. When
an emitted electron channels through a single-crystalline ma-
terial, there is a probability that the electron will be dechan-
neled, which increases with longer travel distance inside the

: T T T T T
5000 7500 10000

o (A)

FIG. 4. (Color online) (a)-(c) Simulated electron emission patterns around
the (111) direction for a Gaussian depth distribution of "*As impurities in
Ge around 312 A with a standard deviation of ¢ = 200 A 2500 A, and
10000 A, respectively. (d) The fitted substitutional fraction to the experi-
mental pattern around the (111) direction after annealing at 700°C, as a
function of the width of the simulated Gaussian depth distribution of As
impurities.

J. Appl. Phys. 111, 053528 (2012)

material. Therefore, an important input parameter for the
simulated emission patterns, is the depth profile of the probe
atoms. According to the experimental conditions in this study,
we have mimicked the depth profile of the 60 keV "As
impurities in Ge with a Gaussian distribution around 312 A
and a standard deviation of 155 A. However, this depth pro-
file is not accurate anymore when diffusion comes into play
and can lead to an underestimation of the fitted fractions, as
can be seen in Fig. 3(a).

From the qualitative analysis of the experimental pat-
terns after annealing at 700 °C, it can be concluded that the
As atoms do not occupy any other high-symmetry sites. As
can be seen in Fig. 3(b), the dynamic displacement value is
still comparable to the expected thermal displacement value,
indicating that the As atoms also do not occupy a displaced
substitutional site. Therefore, in the following analysis, we
will assume that all of the remaining As atoms occupy an
undisplaced substitutional site. From this assumption, it is
possible to estimate the diffusion width of As atoms after
annealing at 700 °C.

In order to do this, we have simulated the 73 As emission
patterns around the (111) direction for a range of different
Gaussian depth profiles around the projected range of 312
A.** The standard deviation or width (o) of these Gaussian
depth profiles has been varied from 200 A to 10000 A. Three
such simulations are shown in Figs. 4(a)—4(c), for a Gaussian
distribution with ¢ equal to 200 A, 2500 A, and 10000 A,
respectively. From these patterns, it is clear that the anisot-
ropy drastically decreases when the As atoms are more
spread throughout the bulk Ge matrix.

The results from fitting the (111) experimental pattern
after the 700 °C annealing step to the simulations with differ-
ent depth profiles are shown in Fig. 4(d), where the fitted
substitutional fraction is plotted as a function of the width of
the Gaussian depth profile of the As atoms. By assuming that
all of the remaining As atoms occupy an undisplaced

TABLE 1. The experimental pre-exponential factor D, and the activation
energy E, from Refs. 38—41, and 43 as well as the calculated diffusion coet-
ficient D7gp-c and diffusion length /go0 for a 600 s annealing step at a tem-
perature of 700°C, using the published D, and E, values; the activation
energy from density functional theory calculations for As diffusion via the
ring mechanism for singly negatively charged and neutral Ge vacancies
from Ref. 35.

Dy (cm?/s) E, (eV) Dropec (em?/s) Isoos (A) Ref.
1.66 x 102 1.83 5.51x 10712 8130 38°
9.33%x 107 1.57 6.88x 10712 2870 38°
2.02 x 10° 3.4 551x 102 7400 39°
1.89 x 107 29 6.88 x 1013 1420 39°
5.8 x 10° 242 9.21x 1072 4380 40
1.45 x 10° 3.32 9.21x 10712 1050 41
3.20 x 10 271 294 %1071 1880 43

2.67 35¢

2.56 35¢

“The quoted values refer to As diffusion via neutral Ge vacancies.

"The quoted values refer to As diffusion via doubly negatively charged Ge
vacancies.

“The quoted values refer to As diffusion via singly negatively charged Ge
vacancies.
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substitutional site, we can conclude that the depth profile of
the diffused As atoms can be represented by a Gaussian dis-
tribution with o = 4900 A. This value will now be compared
to the available data from earlier diffusion studies in
literature.

In Table I, we present an overview of the pre-
exponential factors Dy and the activation energies E,, as
extracted from different As diffusion experiments in Ge
from Refs. 38—41 and 43. We also included the calculated
activation energies for As diffusion via the so-called ring
mechanism using singly negatively charged and neutral Ge
vacancies, as obtained from recent DFT calculations,”
which are in good agreement with the most recent experi-
mental values.*> From all of these published experimental
values, we have calculated the diffusion coefficient D and
the diffusion length / for a 600 s annealing step at a tempera-
ture of 700°C, from D = Dy exp (-E./kgT) (where kg is
Boltzmann’s constant and T is the absolute temperature) and
[ = \/2Dt, respectively. These values can be found in Table I,
and it can be concluded that the extracted width of the Gaus-
sian depth profile from the EC experiments after a 10 min
700 °C annealing step (4900 A) agrees well with the diffu-
sion lengths deduced from the experimental diffusion studies
from literature, which range from roughly 1000 A to 8000
A.* This, in turn, provides a good indication of the validity
of the assumptions used to extract the depth profile, i.e., that
the majority of the As atoms still occupy the substitutional
site, even after long-range diffusion in Ge, whereas the
decrease of the observed channeling effect is merely diffu-
sion-related.

V. CONCLUSION

We have performed an emission channeling study of the
lattice location of ion implanted As atoms in Ge. It was
shown in a direct way that this donor occupies an undis-
placed substitutional site in the diamond lattice structure of
Ge. Contrary to earlier EC experiments, where several
impurities were found to occupy interstitial sites as well
as substitutional sites,gf12 no As atoms were found on any in-
terstitial site or on a displaced substitutional site. These
results strongly indicate that As-V defect complexes, which
are expected to be present in this study, do not occupy the
split-vacancy configuration but prefer the full-vacancy con-
figuration, i.e., with the As atom and a vacancy on nearest
neighbor substitutional sites. This has been corroborated by
DFT calculations and was found to be in agreement with
other theoretical studies.>>™>> Furthermore, we have shown
that a 700 °C annealing step leads to the in-diffusion of As
atoms, and that the diffusion width of the As impurities, esti-
mated by making some reasonable assumptions, is in good
agreement with literature values derived from detailed diffu-
sion studies.
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