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ABSTRACT

We examined the vacancy trapping proficiency of Sn and P atoms in germanium using positron annihilation spectroscopy measurements,
sensitive to the open-volume defects. Epitaxial Ge1�xSnx films were grown by chemical vapor deposition with different P concentrations in
the �3:0� 1019–1:5� 1020 cm�3 range. We corroborate our findings with first principles simulations. Codoping of Ge with a Sn concentra-
tion of up to 9% is not an efficient method to suppress the free vacancy concentration and the formation of larger phosphorus–vacancy
complexes. Experimental results confirm an increase in the number of P atoms around the monovacancy with P-doping, leading to dopant
deactivation in epitaxial germanium–tin layers with similar Sn content. Vice versa, no impact on the improvement of maximum achieved P
activation in Ge with increasing Sn-doping has been observed. Theoretical calculations also confirm that Pn-V (vacancy) complexes are
energetically more stable than the corresponding SnmPn-V and Snm-V defect structures with the same number of alien atoms (Sn or P)
around the monovacancy. The strong attraction of vacancies to the phosphorus atoms remains the dominant dopant deactivation
mechanism in Ge as well as in Ge1�xSnx .

Published under license by AIP Publishing. https://doi.org/10.1063/1.5107503

I. INTRODUCTION

Vacancies (V) are vehicles for phosphorus (P) diffusion in ger-
manium (Ge) leading to the formation of mobile (P1-V)�1 pairs.1,2

Their interaction with the positively charged substitutional Pþ

atoms forms immobile Pn-V (n . 1) clusters leading to a mecha-
nism of dopant deactivation in Ge.3 Point defect engineering strate-
gies are hence required to decelerate the P diffusion in Ge.4

For instance, the addition of a large isovalent tin (Sn) atom can
have a repercussion on the migration of (P1-V)�1 pairs in Ge.5

Consequently, the codoping of Ge:P with Sn (as a trap for vacan-
cies) and Si (for the correct lattice parameter) as a source–drain
(S/D) material for n-Ge FinFETs might enable the combination of
high conductivity with the introduction of preferred tensile strain
in the Ge channel to boost carrier mobility.6

Tahini et al.4 investigated the impact of oversized codopants,
Sn and Hf, to retard the vacancy-mediated diffusion of P atoms in
Ge. The first principles simulations predicted that the codoping
with Sn increases the migration energy barriers via the formation
of strongly bound (Sn1P1-V)�1 clusters, which indeed could trap
the migrating (P1-V)�1 pairs.4 However, the interplay between the
Sn, P and the vacancy, which is a dominant point defect in Ge, and
their contribution toward the dopant activation requires more
understanding, both theoretically and experimentally. In order to
gain insight into their interaction, we examined the vacancy trap-
ping proficiency of Sn and P atoms in Ge using positron annihila-
tion spectroscopy (PAS), which is sensitive to the open-volume
defects, on Ge1�xSnx :P films and corroborate our findings with the
first principles simulations.
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In this work, we determined the role of vacancies in the for-
mation of Pn-V, Snm-V, and SnmPn-V clusters and the impact of
Sn-doping on the doping activation in Ge. Our findings show that
the concentration of monovacancy defects in as-grown Ge1�xSnx
epitaxial layers increases with P-doping. In the presence of vacan-
cies, the dopants can cluster with them to form E-centers.3 For P
concentrations above 8� 1019 cm�3 in as-grown Ge1�xSnx layers,
the monovacancies are the dominant open-volume defect decorated
with at least 3 P atoms. PAS measurements give clear evidence for
an increase in the number of P atoms as the first nearest neighbor
(1nn) to the vacancy with increased P-doping. Furthermore, PAS
results corroborating with the first principles simulations suggest
that there is at least 1 Sn atom present around the monovacancy.
However, for the higher P concentrations (.1� 1020 cm�3) in
Ge1�xSnx layers, the measured annihilation spectrum is dominated
mainly by the P atoms present around the monovacancy. Based on
these observations, we conclude that the codoping of Ge with Sn
has a negligible effect on the improvement of P activation in Ge for
Sn concentrations up to 9%, in essence that vacancies have more
attraction for P atoms as compared to Sn atoms. The strong inter-
action of phosphorus with vacancies is still the major contributor
toward the dopant deactivation in Ge as well as in Ge1�xSnx .

II. COMPUTATIONAL DETAILS

The first principles simulations were carried out using plane-
wave density functional theory (DFT) as implemented in the
Vienna ab initio Simulation Package (VASP).7,8 The core electrons
were treated using pseudopotentials generated according to the pro-
jector augmented wave (PAW) method with a kinetic energy cutoff
of 300 eV and using a cubic 216 Ge atoms supercell with sampling
of the Brillouin zone (BZ) at the Γ point.9,10 A Heyd–Scuseria–
Ernzerhof (HSE06)11 hybrid functional was used with a default
fraction of its nonlocal Hartree–Fock potential (25%) to match the
experimental value of the indirect bandgap of Ge (0.74 eV) at 0 K.
The convergence criteria for self-consistency of the electronic
cycles and forces on each atom at the end of the simulation were
1� 10�6 eV and 1� 10�3 eV/ Å, respectively.

The annihilation characteristics for positrons trapped inside the
open-volume defects such as Pn-V, Snm-V, Snm-V2, and SnmPn-V
clusters were modeled using the so-called “conventional-scheme”12

(CS) within the zero-positron-density (nþ ! 0) limit of the two-
component density functional theory.13 The repulsive forces of posi-
trons on the ions were taken into consideration while relaxing the
defect structures.14 We chose a state-dependent scheme for calcu-
lating the momentum distributions of the annihilating electron–
positron pairs.15 The annihilation rates were calculated within the
state-dependent scheme using the local-density approximation
enhancement factor parameterized by Boroński and Nieminen.13

We would highly recommend the reader to read our previous
publications (Refs. 14 and 16) for elaborative explanations about
our computational technique on the modeling of annihilating
electron–positron pairs in solids.

III. STABILITY OF Pn-V, Snm-V, and SnmPn-V CLUSTERS

Tahini et al.4 recently reported that the (Sn1P1-V)�1 cluster is
more stable than the (P1-V)�1 pair because of its stronger binding

energy (Eb) value and could retard the further vacancy-mediated
diffusion of the latter. The presence of Sn passivation around the
vacancy indeed leads to an increased migration energy of the
(Sn1P1-V)�1 pair as compared to the (P1-V)�1 pair.3,4 However,
the analysis in Ref. 4 is based on only single P and Sn atoms
around the vacancy. The relative stabilities of Pn-V, Snm-V, and the
mixed SnmPn-V clusters with more than one Sn or P atoms around
the monovacancy have not been reported earlier. To gain insights
into the most representative atomic configurations from an ener-
getic perspective, we systematically relaxed the atomic structures of
all possible atomic conformations accounting for vacancy, P, and
Sn atoms, given that both Sn and P atoms have affinity toward
vacancies. In this case, the energy of the different configurations is
the lowest when either the Sn or the P atom is placed as a 1nn with
respect to the position of the vacancy. The attraction between the
codopants and the vacancy is evaluated by calculating their binding
energies using Eq. (2) in Ref. 4. A negative binding energy value
indicates that a defect cluster is stable with respect to its constituent
point defects.4

The calculated binding energies of Pn-V,
17 Snm-V, and mixed

SnmPn-V clusters are shown in Fig. 1. The negative binding energy
values exhibited by Snm-V complexes predict that the Sn atoms
are bound to the vacancies. However, the Eb values for atomic
arrangements involving either only P atoms or both Sn and P
atoms around the monovacancy indicate that they are energetically
more stable than the analogous configurations with Sn atoms
alone. As a consequence, the mixed SnmPn-V clusters will have
tendency to be P-rich, since they are energetically more favorable
to occur as more phosphorus is incorporated in as-grown epitaxial
Ge1�xSnx layers.

FIG. 1. Calculated binding energies (Eb) of Pn-V,
17 Snm-V, and SnmPn-V clus-

ters for the neutral vacancy with respect to its isolated constituents in Ge. Eb
values for alternative dopant species (Sb and As) as 1nn to monovacancy are
also shown.
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IV. EXPERIMENTAL DETAILS

The results obtained based on our first principles simulations
for the atomic interactions between Sn, P, and vacancy within the
Ge lattice have been benchmarked against PAS measurements on
Ge1�xSnx :P epitaxial films. The layers were epitaxially grown at
315 �C on top of 600 nm thick Ge-buffered Si (001) substrates
using GeH4, SnCl4, and PH3 as gas precursors.18 For a fixed SnCl4
flow, the partial pressure of PH3 was tuned to reach different P
concentration levels in Ge1�xSnx layers. However, the maximum P
activation in Ge1�xSnx layers is limited to �6� 1019 cm�3 and sat-
urates around the similar values independent of the Sn concentra-
tion as studied for Sn contents up to 9%. Hence, we restrict our
discussions on PAS measurements to Ge1�xSnx layers with a Sn
concentration of 6.4–7% (from here on referred as “GeSn:P”).
Table I shows the Sn percentage as measured by Rutherford
Backscattering Spectroscopy (RBS), the active carrier concentra-
tions as extracted from μHall measurements and the total P con-
centration and the film thicknesses from secondary ion mass
spectrometry (SIMS). A Hall scattering factor (HSF) of 1 has been
assumed in this study.

To study the dominant open-volume defects and their chemi-
cal environment in the GeSn:P films, the Doppler Broadening
(DOBS) and the Coincidence Doppler Broadening Spectroscopy
(CDOBS)20 measurements have been used. The shapes of the anni-
hilation spectra were characterized by using the conventional line
shape parameters S and W, with integration windows fixed at
(0 , jpj , 0:5 a.u.) for S parameter and (1:5 , jpj , 3:5 a.u.) for
W parameter, where p stands for the Doppler shift in terms of
momentum and a.u. for atomic units. All samples in Table I were
measured with CDOBS setup, using positron implantation energy
of 4.5 keV. A positron-trap-free germanium sample was used as a
reference to normalize the CDOBS data. For a detailed description
of the PAS measurement technique, the reader is referred to
Refs. 12,21, and 22.

V. DOPPLER BROADENING MEASUREMENTS

The W parameters as a function of the positron implantation
energy for different P-doped GeSn layers are shown in Fig. 2(a).
A P-doped Ge sample [from here on referred as “Ge(P)”] grown

on top of the same Ge template as GeSn:P layers is also shown to
differentiate the effect of Sn-doping on positron trapping. At
E � 0:5 keV, the W parameters are most sensitive to the surface
annihilation. At E ¼ 3:5�5 keV, the W parameter describes posi-
tron annihilation mainly in the GeSn:P layers. The measured W
parameters for the energy value around 10 keV, correspond mostly
to the annihilation of positrons in the underlying Ge-virtual

TABLE I. Layer properties: thickness (t), Sn content, Hall carrier concentration, and
the total P concentration for as-grown GeSn:P films.

Sample tSIMS SnRBS Hall conc. P total
(nm) (at. %) (cm�3) (cm�3)

Aa 81 6.4 3:6� 1019 3:4� 1019

B 77 7.0 6:6� 1019 8:1� 1019

C 78 6.6 4:7� 1019 1:5� 1020

Ge(P)b 130 0 5:7� 1019 1:4� 1020

aThe slight deviation in the active carrier concentration from the total P
content in sample A is most likely due to the underestimation of the Hall
scattering factor.
bGe:P sample was grown using Ge2H6 at 320 �C.19

FIG. 2. (a) W parameters vs positron implantation energy and (b) W (S)-plot for
GeSn samples with different P concentrations (Table I). A Ge(P) layer with a
similar P concentration as of sample C is included to differentiate the effect of
Sn-doping on positron trapping. The annihilation states at the surface, in the Ge:
P layer, in the GeSn:P layers, in the Ge-VS, and in the Si substrate are marked
by arrows. The Ge:P layer with the similar active doping and the total P concen-
tration as in the GeSn:P layer (i.e., sample C) shows distinguished and strong
positron trapping as compared to weakly defined annihilation state in the GeSn
layer. The error bars for the measured S and W parameters are +0.0005 and
0.0001, respectively.
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substrate (VS). The decrease in W values above 10 keV is due to
positrons annihilating in the silicon substrate.

The measured W parameters in Fig. 2(a) exhibit a steep slope
throughout the as-grown GeSn:P epilayers (i.e., 0.5–5.0 keV). This
is due to the narrow implantation profile of positrons at low ener-
gies,23,24 combined with the short positron diffusion lengths. The
effective positron diffusion lengths are considerably smaller for all
samples considered in this study as compared to the defect-free
Ge-reference. This indeed signifies that the concentration of open-
volume defects is much higher (above 5� 1018 cm�3) than the sen-
sitivity limit of PAS measurements causing saturation like trapping
(i.e., effectively all positrons annihilate at the open-volume defects)
in as-grown GeSn:P epilayers. This in point of fact also means
that for the P-doping ranges considered in this study (above
1� 1019 cm�3), the W parameter is only sensitive to the changes
in the chemical environment of the dominating open-volume
defects rather than to their total concentration.

However, despite saturation like trapping, an evident dependence
has been observed for P-doping in GeSn layers. The increase in the
steepness of the W parameter slope from the surface state to the anni-
hilation state in the GeSn epilayers indicates a decrease in effective
positron diffusion lengths with increased P-doping. This decrease in
positron diffusion lengths corresponds to an increase in the concentra-
tion of open-volume defects in the GeSn:P layers. Similar trends were
observed for the P-doped Ge layers, where the concentration of mono-
vacancy defects also increases with P-doping.17 Since, monovacancies
alone are unstable in Ge above 200 K,25 the majority of vacancies are
decorated by P atoms. Our recent study on the evolution of vacancy–
donor complexes in heavily P-doped epitaxial Ge films confirms that
for a total P concentration in the 6� 1019–1� 1020 cm�3 range, there
are at least 2–3 P atoms around each monovacancy sized open-volume
defect.17 The occurrence of Pn-V clusters is the dominant dopant
deactivation mechanism in Ge.

Furthermore, the annihilation states as indicated by arrows
in GeSn:P layers are not as pronounced as in the Ge:P layer
[Fig. 2(a)]. By closely looking at the W parameter values as mea-
sured for the highly doped Ge(P) sample with a similar P concen-
tration as in GeSn:P (i.e., sample C), a clear slope is visible from
the annihilation state in the Ge:P epilayer toward the annihilation
state in the Ge-VS. This effect is better visible from the line shape
parameters in the S-W plane as shown in Fig. 2(b). For the Ge(P)
sample, the measurement data in Fig. 2(b) lie on three separate seg-
ments as indicated by the dotted lines. The first segment corre-
sponds to the superposition between the surface state and the trap
state in the Ge:P layer. The second segment corresponds to the
superposition between the trap state in the Ge:P layer and the
Ge-VS. The third segment belongs to the superposition between
the trap state in Ge-VS and the Si substrate. The annihilation states
in P-doped epitaxial Ge layers are clearly distinguishable for
P-doping levels above 6� 1019 cm�3,17 whereas for GeSn layers,
the annihilation state in the S-W plane is barely visible for sample
A. Although, from the W-E plot a kink at �4 keV gives a hint for
the presence of annihilation state in sample A. For samples B and
C, there exists a clear change in the slopes between the surface to
the epilayer trap states and the epilayer to the Ge-VS trap states.
However, they are not as clearly defined as in the Ge(P) sample.
This observation indicates that the positron trapping is either

relatively weaker in GeSn:P layers as compared to the P-doped Ge
films or that the annihilation state is different due to the presence
of Sn either at 1nn sites around the open-volume defects or at the
substitutional lattice sites in the immediate vicinity of the defects.

VI. POSITRON TRAPPING IN Pn-V, Snm-V, and SnmPn-V
CLUSTERS

To understand the DOBS data in Fig. 2, we modeled the trap-
ping of positrons inside the monovacancy or divacancy defects deco-
rated by Sn and P atoms as 1nn (i.e., for the minimum energy
configurations reported in Fig. 1). Calculated positron densities
(gray, glassy isosurface) in Fig. 3 illustrate the positron trapping into
P1-V (P atom in green), Sn1-V (Sn atom in blue) with the Sn atom
in the split-vacancy configuration, Sn1P1-V, Sn1P2-V, Sn1P3-V, and

FIG. 3. Calculated positron densities (gray, glassy isosurface with an isovalue
of 2� 10�3 Å�3) for relaxed P1-V (P atom in green), Sn1-V (Sn atom in blue),
Sn1P1-V, Sn1P2-V, Sn1P3-V, and Sn1-V2 configurations in the Ge lattice. The
positron density is localized within the open volume for P1-V, Sn1P2-V, Sn1P3-V,
and Sn1-V2 clusters [(a), (d), (e), and (f )], whereas it is delocalized for Sn1-V
and Sn1P1-V complexes [(b) and (c)].
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Sn1-V2 defect structures. Typically, positrons are localized at Pn-V
defects [as shown in Fig. 3(a) for P1-V complex], whereas no posi-
tron localization occurs for Snm-V clusters [as shown in Fig. 3(b) for
Sn1-V complex]. In the case of SnmPn-V complexes [Figs. 3(c)–3(e)],
the positron remains localized within the open volume only for the
defect structures with at least 2 P atoms around the monovacancy.
However, for a larger open-volume defect, e.g., a divacancy (V2),
positron is localized within the open volume as shown in Fig. 3(f)
for the Sn1-V2 defect structure.

The relaxation of 1nn atoms around the monovacancy plays an
important role for positron trapping in Pn-V, Snm-V, and SnmPn-V
complexes. In the case of Pn-V clusters, the P atoms relax in the
outward direction with respect to the vacancy, which increases the
open-volume of the defect. This indeed means that as the number of
P atoms increases around the monovacancy, the positron annihila-
tion state becomes more pronounced in experimentally measured
annihilation spectra for heavily P-doped Ge films.17 On the other
hand for Snm-V clusters, the atoms around the monovacancy relax
inward, which reduces the open volume of the defect. In this case,
the size of the open volume becomes considerably small in order to
trap the positron, whereas in the case of SnmPn-V complexes, atoms
around the monovacancy follow both inward (Sn atoms) and
outward (P atoms) relaxation. In this scenario, the positron remains
trapped within the open volume of the defect if there are at least 2 P
atoms present around the monovacancy.

As already discussed in Sec. V, positrons are in saturation
trapping with the dominating open-volume defects in both Ge:P
and GeSn:P layers. The upward shift in the annihilation state of the
GeSn:P layer (i.e., sample C) with similar total P concentration and
fairly the same concentration of the open-volume defects (due to
the identical steepness of the W parameter slope) as in the Ge(P)
sample indeed signifies that the chemical environment of the domi-
nating open-volume defect is different in both the layers (Fig. 2).
The simulation results predicting positron trapping in Sn-related
defects (e.g., Sn1P2-V) with a reduced size of the open volume will
result in higher W parameters for GeSn:P layers as compared to
positron trapping in Pn-V clusters with relatively larger size of the
open volume in Ge:P layers. This result indeed also gives the first
indication for the presence of Sn atoms around the dominating
open-volume defect in GeSn:P layers.

Furthermore, the annihilation states for Pn-V clusters itself
can differ in Ge1�xSnx layers by relaxation effects induced due to
the presence of Sn atoms at the nearest neighbor sites (�2nn from
the monovacancy). Our simulations suggest that the positrons are
localized at Sn-related defects with divacancies as the size of the
open-volume defect is large enough to trap them. However, the
experimental results from CDOBS measurements as discussed
below, confirm that the dominating open-volume defects in
as-grown epitaxial GeSn:P layers are not bigger than the size of a
monovacancy. Hence, divacancy related defects can be ruled out as
the positron traps in as-grown Ge(P) and GeSn:P samples.

VII. COINCIDENCE DOPPLER BROADENING
MEASUREMENTS

Additional CDOBS measurements allow to determine the
dominant defect type and its chemical environment in as-grown

GeSn:P epitaxial layers. An incident positron energy of 4.5 keV
was used to measure all the samples. At 4.5 keV, the annihilation
spectrum corresponds mainly to the positrons annihilating within
the GeSn:P layers and the Ge(P) sample [Fig. 2(a)]. Figure 4
shows annihilation intensities as a function of momentum in the
form of ratio curves (normalized to a defect-free Ge-reference
sample) for GeSn layers with different P concentrations. The
intensities measured in the peak region (1 , p , 1:5 a.u.) confirm
the presence of monovacancy defects for in situ P-doped Ge as
well as GeSn layers. Typically, lower intensities are measured in
the peak region for the larger open-volume defects, Vx (x � 2),
as demonstrated both experimentally and using first principles
simulations for As-V2 complexes in As-implanted and laser
annealed Ge.26

Furthermore, the decrease in the intensity with P-doping for
GeSn layers at high momenta (p . 1:5 a.u.) substantiates that the
number of P atoms around the monovacancy increases with the
increasing P-doping. This decrease in the intensity at high
momenta is due to a decreased annihilation probability of positrons
with the 3d electron shell of Ge. The replacement of Ge atoms
around the monovacancy by P atoms leads to a further omission of
the 3d electron shell as the phosphorus atoms consist of only s and
p orbitals. The dominating monovacancy defects in as-grown GeSn:
P layers are passivated by at least 2 (in sample A) and at least 3 (in
samples B and C) P atoms. These results are in line with our recent
PAS studies on epitaxial Ge:P films.17 For detailed explanations on

FIG. 4. Annihilation intensities (normalized to a defect-free Ge-reference) for
GeSn:P epitaxial layers with different P concentrations, measured at an incident
positron energy of 4.5 keV. The integration windows for S and W parameters
are indicated by the shaded regions. To distinguish the effect of Sn-doping, the
ratio plot for the Ge(P) sample has been included, where the dominant open-
volume defects are monovacancies passivated with at least 3 P atoms. Error
bars for Ge(P) sample show the uncertainty in the measured spectrum
increases due to lesser number of counts at higher momenta (.2.5 a.u., where
a.u. stands for atomic units).
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the experimental evidence for the evolution of phosphorus–
vacancy clusters in epitaxial Ge, the reader is referred to Ref. 17.

It must be noted that the intensity at high momenta is clearly
the lowest for the Ge(P) sample with similar P concentration as in
the GeSn layer (i.e., sample C). Although, there are at least 3 P
atoms present around the monovacancies in both samples (Fig. 4),
still sample C exhibits a higher intensity at high momenta in com-
parison to the Ge(P) sample. This observation indeed supports our
previous argument in Sec. VI that the presence of Sn atoms around
the monovacancy or at the substitutional lattice sites (�2nn from
the monovacancy) affects the annihilation state in GeSn:P layers
(Fig. 2). In order to interpret the CDOBS spectra, we calculated the
ratio plots for SnmPn-V complexes where positron remains trapped
within the open volume of the defect structure as shown in Fig. 5.
For comparison with SnmPn-V complexes, the calculated annihila-
tion spectra for P2-V and P3-V clusters in a bulk Ge lattice are also
shown from Ref. 17.

The increased intensity at high momenta for the GeSn layer
(i.e., sample C) with the similar P concentration as in Ge(P)
sample can be explained due to several factors. The dominating
open-volume defect in both layers is a monovacancy passivated
with at least 3 P atoms. In the case of Sn-doping, the presence of
single Sn atom around the monovacancy in a Sn1P3-V cluster
instead of the Ge atom in a P3-V complex slightly increases the
intensity at high momenta. This increase in the intensity is mainly
attributed to the further inward relaxation of the Sn atom as com-
pared to the Ge atom. However, for Sn1P2-V and Sn2P2-V com-
plexes, certainly the increase in the intensity at high momenta is
substantial in comparison to the Sn1P3-V cluster. The experimental
spectrum shown in Fig. 4 for sample C is a superposition of

positrons annihilating in Pn-V and SnmPn-V clusters. Therefore,
the increased intensity at high momenta indicates that there is at
least 1 Sn atom present around the monovacancy in GeSn layers.
For lower P concentrations, such as in sample A where the domi-
nating defect contains at least 2 P atoms around the monovacancy,
there could be 1–2 Sn atoms present as well along with P atoms.
The presence of Sn atoms at the 2nn sites with respect to the
vacancy (and as 1nn to the existing P or Sn atoms) around the
Pn-V or SnmPn-V clusters has a marginal effect on the annihilation
characteristics at high momenta as shown in Fig. 5.

VIII. CONCLUSIONS

In summary, the strong attraction of monovacancies toward
the phosphorus atoms remains the dominant dopant deactivation
mechanism in both P-doped Ge and Ge1�xSnx alloys which has
been studied for Sn contents up to 9%. The highest achieved active
carrier concentration for P-doped Ge1�xSnx layers is limited to
�6� 1019 cm�3. Similar active carrier concentrations have been
reported for P-doped Ge layers19 which were grown with a higher
order Ge-precursor (i.e., Ge2H6) and nearly the same growth tem-
perature. Hence, the codoping of Ge:P with a Sn concentration of
up to 9% is not an efficient method to suppress the free vacancy
concentration and the formation of larger phosphorus–vacancy
complexes.

CDOBS measurements confirm the increase in the number of
P atoms around the monovacancies with increasing P-doping in
GeSn layers. These results are consistent with our theoretical pre-
dictions as Pn-V clusters are energetically the most stable ones in
Ge (Fig. 1). The energetic favorability for the occurrence of
SnmPn-V complexes is not far behind, when compared to the cor-
responding Pn-V clusters. However, any P atom present in form of
SnmPn-V complexes still remains deactivated in the Ge lattice. In
addition, there is a high probability for the SnmPn-V clusters to be
P-rich with increasing P-doping in Ge1�xSnx layers. The CDOBS
measurement results for similar P concentration in GeSn (sample C)
as in Ge layers provide evidence that there is at least 1 Sn atom
present around the monovacancy. However, no remarkable effect on
doping activation in Ge1�xSnx layers has been observed due to the
presence of single Sn atom around the vacancies.

The concentration of Pn-V, Snm-V, and SnmPn-V complexes
certainly depends on the total P, Sn, and vacancy concentrations in
the as-grown epitaxial Ge1�xSnx layers. A higher P activation might
be possible for Ge1�xSnx layers with higher Sn content (above 9%),
as there will be a higher probability for the occurrence of Sn-rich,
Snm-V, and SnmPn-V complexes. In essence that more Sn atoms
could passivate the free vacancy concentration and eventually less
number of P atoms are present around the vacancies can contribute
toward the conduction in Ge1�xSnx layers. This assumption holds
true, provided the concentration of vacancies remains constant in
the layers. Meaning, the incorporation of vacancies during the epi-
taxial growth would not be affected by the Sn-doping. However,
due to the limited solubility27 of Sn in Ge, it becomes extremely
challenging to incorporate such high substitutional Sn concentra-
tions. The metastability of Sn-rich epitaxial Ge films also possesses
a high risk of Sn precipitation and the degradation of the material
properties during post epi processing in device flows. Alternatively,

FIG. 5. Calculated ratio plots (scaled to defect-free 216 Ge atoms supercell) for
different Pn-V and SnmPn-V complexes where positron remains trapped within
the open volume of the defect structure. The theoretical curves were convoluted
with the detector resolution of the experimental CDOBS setup. Momentum
values are expressed in atomic units (a.u.).
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the point defect engineering strategies such as codoping with As
or Sb (Ref. 17) might enable an increased P activation in Ge, since
the vacancies have a higher attraction for both As and Sb atoms
(due to stronger binding energy values as shown in Fig. 1) in com-
parison to the P atoms. In this case, the majority of vacancies
would be passivated by As (or Sb) atoms, provided that the concen-
tration of the vacancies decreases or remains independent of As
(or Sb)-doping.
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