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We report experiments on the impact of 2.5 MeV proton irradiation on self-diffusion and dopant

diffusion in germanium (Ge). Self-diffusion under irradiation reveals an unusual depth independent

broadening of the Ge isotope multilayer structure. This behavior and the observed enhanced diffusion of B

and retarded diffusion of P demonstrates that an interstitial-mediated diffusion process dominates in Ge

under irradiation. This fundamental finding opens up unique ways to suppress vacancy-mediated diffusion

in Ge and to solve the donor deactivation problem that hinders the fabrication of Ge-based nanoelectronic

devices.
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Over the past few years the elemental semiconductor Ge
has been the subject of many experimental [1–13] and
theoretical investigations [14–25] to elucidate the elec-
tronic and diffusion properties of point defects as well as
their interaction. Understanding these properties helps to
develop strategies for efficient defect engineering that are
crucial for the fabrication of the next generation of nano-
electronic devices. Utilizing Ge instead of silicon (Si) for
complementary metal oxide semiconductors (CMOS)
technology one can take advantage of the higher electron
and hole mobilities in Ge compared to Si [26]. Whereas the
p-channel Ge-MOSFET (metal oxide semiconductor field-
effect transistor) made of heavily B doped source and drain
regions was already demonstrated [27], the n-channel
MOSFET remains a challenge due to the enhanced diffu-
sion of n-type dopants such as P, As, and Sb under extrin-
sic doping conditions and the deactivation of the donors for
concentrations exceeding 1019 cm�3 [7,9,27]. The en-
hanced diffusion is a consequence of the singly negatively
charged donor-vacancy ðAVÞ� pair that mediates donor
diffusion in Ge according to the reaction [7,9]

ðAVÞ� $ Aþ
s þ V2� (1)

where Aþ
s and V2� are the singly positively charged sub-

stitutional donor with A 2 fP;As; Sbg and the doubly nega-
tively charged vacancy (V2�), respectively. The
deactivation is related to the formation of inactive donor-
vacancy clusters whose formation is favored due to
Coulomb attraction between Aþ

s and ðAVÞ� via the reac-
tion [9]

ðAVÞ� þ Aþ
s $ ðA2VÞ0: (2)

The formation of A2V and even bigger clusters AnVm is
consistent with the predictions of density functional theory
calculations [23]. Reactions (1) and (2) indicate that the
donor-vacancy pair mediates both the diffusion and de-
activation of n-type dopants in Ge. Effective defect engi-
neering that aims to suppress the enhanced diffusion and
deactivation of donors in Ge should reduce the concentra-
tion of the AV pairs. In this letter we demonstrate that
defect engineering with Ge interstitials makes it possible to
effectively suppress the enhanced diffusion of donor
atoms.
The formation enthalpy of interstitials is predicted to be

much higher than that of vacancies in Ge [19,20].
Accordingly, atomic transport in Ge under thermal equi-
librium is mainly mediated by vacancies [7]. However,
interstitials in Ge can be formed under irradiation as dem-
onstrated in previous studies [10,13]. Stimulated by these
results and the understanding on the evolution of interstitial
clusters in Si [28], the impact of implantation damage on
the diffusion in Ge was investigated by several research
groups [11,12,29]. However, post anneals of dopant im-
planted Ge did not reveal any significant TED or transient
retarded diffusion (TRD) [29,30]. Instead, it is generally
observed, that the implantation damage in Ge recovers fast
even at low temperatures [29,30].
In order to investigate the impact of interstitials on

diffusion in Ge we performed diffusion experiments under
proton irradiation. For these experiments we utilized a
single crystalline Ge isotope multilayer structure consist-
ing of 20 alternating enriched 70Ge (96% enrichment) and
natural Ge layers. With a thickness of 15 nm for each layer
a total thickness of 300 nm is obtained. The isotope struc-
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ture was grown by molecular beam epitaxy (MBE) on a
(100)-oriented Ge wafer at 250 �C. The distribution of
74Ge within the multilayer measured with secondary ion
mass spectrometry (SIMS) is illustrated in Fig. 1. In
addition, we used a MBE grown structure with six
B-doped Ge layers. The B-doped layers are each about
25 nm thick and separated by 100 nm undoped Ge. With a
100 nm thick undoped Ge cap and a buffer layer of 100 nm
the total thickness of the single crystalline B-doped
Ge structure is about 800 nm. A SIMS analysis of the as-
grown B-doped structure is illustrated in Fig. 2. Finally, a
Ge sample implanted with P at 30 keV to a dose of
3� 1015 cm�2 was prepared. In order to prevent outdiffu-
sion of P during annealing a 10 nm thick SiO2 layer was
sputter deposited on the Ge sample before implantation. A
SIMS analysis of the as-implanted P profile is illustrated
in Fig. 3.

Samples with lateral dimensions of 4� 4 mm2 were cut
from the as-grown or as-implanted Ge wafers, thinned to a
thickness of 30ð�5Þ �m, and polished with Nalco 2360
(Bucher AG, Switzerland) to obtain a scratch free and
specular surface on the back. The samples were mounted
on a graphite holder and fixed via a graphite plate with a
circular aperture of 3 mm in diameter. In this way the outer

part of the Ge sample was covered with graphite and not
exposed to the proton beam. The graphite holder was
placed on a boron nitride heating plate that enables heating
of the Ge sample during irradiation. The temperature was
controlled with a thermocouple mounted 1 mm below the
sample in the graphite holder. The whole sample holder
was attached to a high vacuum chamber. Protons of
2.5 MeV were supplied via a beam line from a dynamitron
accelerator. The beam was defocused and swept to achieve
a homogeneously irradiated circular area with a diameter
of 1 cm. An electron suppression, which consists of a
negatively biased (600 V) screen, ensures that the mea-
surement of the proton current is not hampered by second-
ary electrons. Proton irradiations were performed at 570
and 600 �C with a proton flux of 1:5 �A. The high energy
of the protons assures that the protons penetrate through
the Ge sample as this is ascertained by simulations of the
‘‘stopping and range of ions in matter’’ (SRIM [31]). After
annealing under proton irradiation the respective concen-
tration profiles of 74Ge, B, and P were measured with
SIMS. The depth of the SIMS craters was determined using
an optical profilometer.
Figure 1 shows the concentration profile of 74Ge after

proton irradiation at 600 �C for 90 min (see red circles).
The broadening of the isotope structure under thermal
equilibrium measured with SIMS at the outer part of the
samples is illustrated by the blue squares. The Ge profile
from the proton exposed inner part of Ge isotope sample
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FIG. 1 (color online). Concentration profiles of 74Ge measured
with TOF-SIMS before (as-grown: thin dashed line) and after
annealing (symbols) at the temperature and time indicated. Only
every 6th data point is shown for clarity. The 74Ge profile from
the covered part of the sample (blue squares) represents Ge dif-
fusion under equilibrium condition. The corresponding black
solid line shows the expected Ge diffusion profile for self-
diffusion under equilibrium conditions at 600 �C taking into
account published self-diffusion data [34]. The 74Ge profile
obtained from the proton irradiated area of the sample (red
circles) indicates an enhanced Ge diffusion under irradiation
with respect to equilibrium conditions. The corresponding black
solid line shows the numerical simulation of self-diffusion under
irradiation assuming different boundary conditions for vacancies
and self-interstitials (see text for details). The corresponding
concentration profiles of vacancies and self-interstitials normal-
ized to the respective equilibrium concentration (see right y axis)
are displayed by the lower and upper green dashed lines,
respectively.
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FIG. 2 (color online). Concentration profiles of B in Ge mea-
sured with TOF-SIMS after diffusion annealing at the tempera-
ture and time indicated. For clarity only every 6th data point is
shown. The B profile from the covered part of the sample (blue
squares) represents B diffusion under equilibrium conditions.
This profile equals the as-grown profile because B diffusion in
thermal equilibrium is very slow [4]. The B profile obtained from
the proton irradiated area of the sample (red circles) indicates an
enhanced B diffusion under irradiation with respect to equilib-
rium conditions. The black solid line shows a simulation of B
diffusion based on Fick’s second law with a concentration
independent effective diffusion coefficient of 7:5�
10�16 cm2 s�1 which exceeds the equilibrium diffusion of B
by several orders of magnitude.
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shows a more pronounced intermixing. This unambigu-
ously demonstrates an enhanced self-diffusion under irra-
diation. The homogenous broadening of the isotope
structure under irradiation is, however, very unusual.
This reveals that no gradient in the concentration of the
native point defects versus depth exists. Usually the free
surface acts as sink for vacancies and self-interstitials that
are formed by proton irradiation in equal numbers and
concentrations (see, e.g., [32]). The homogenous broad-
ening of the Ge isotope structures reflects that thermal
equilibrium is disturbed at the surface. The Ge profile
alone can not tell us whether this holds for both vacancies
and self-interstitials or just for one of these defects. In
order to identify the surface condition, we performed addi-
tional experiments with B-doped and P-implanted Ge
samples. Under thermal equilibrium the diffusion of B in
Ge is very low; its diffusion coefficient is several orders of
magnitude smaller than the self-diffusion coefficient [4].
This behavior is in accord with theoretical calculations
[18] that predict a repulsive interaction between substitu-
tional B and the vacancy. Annealing of the B-doped multi-
layer structure at 570 �C under proton irradiation leads to a
very strong intermixing as illustrated by Fig. 2. For com-

parison, the B profile beneath the outer part of the Ge
sample, covered by a graphite plate, did not show any
broadening at all, i.e., the as-grown B profile is reproduced.
The strong enhancement of B diffusion under irradiation is
likely caused by interstitials whose concentration under
irradiation exceeds their thermal equilibrium concentration
by several orders of magnitude. The B spikes with a
concentration of 3� 1019 cm�3 that interfere with the
diffusion profile reveal an immobile fraction of B in Ge.
This is similar to the behavior of B in Si where
B-interstitial clusters have been identified as the origin of
the immobile B fraction [28]. The concept of an interstitial-
mediated diffusion in Ge under irradiation is confirmed by
the diffusion behavior of P. P diffusion is mediated by
donor-vacancy pairs via the vacancy mechanism [see
Eq. (1)] [7,9]. In the case interstitials dominate under
proton irradiation the diffusion of P should be retarded.
Indeed, Fig. 3 demonstrates a reduced penetration depth of
P compared to the profile measured beneath the covered
part of the same Ge sample.
The results of the impact of proton irradiation on self-

and dopant diffusion in Ge show that the Ge surface is not
an efficient sink for interstitials. The interstitials created
during irradiation are assumed to be reflected at the Ge
surface. The vacancies that are produced in equal number
are annihilated at the surface and in the bulk via recombi-
nation with interstitials. During irradiation the concentra-
tion of interstitials increases and, finally, dominates over
the vacancy concentration, and promotes an interstitial-
mediated diffusion. This diffusion behavior can be mod-
eled on the basis of a continuum theoretical approach that
considers the formation of point defects by irradiation and
their annihilation via the Frenkel pair reaction [10].
Numerical simulations provide an accurate description of
the experimental Ge profile when reflecting boundary con-
ditions for the Ge interstitials are assumed. The calculated
profile is given by the black solid line in Fig. 1. Analysis of
the B profile reveals an enhancement factor of 2:8� 107

for B diffusion under irradiation compared to equilibrium
diffusion [4] (see Fig. 2). The analysis of the P profiles
shown in Fig. 3 yields a retardation factor of about 20 for P
diffusion under irradiation.
The inability of the Ge surface to annihilate interstitials

leads to the interstitial-mediated diffusion under irradia-
tion. Recently, interstitials in Ge were formed via electron
irradiation and directly observed by means of HRTEM
[33]. Their direct observation would be hardly possible in
the case the Ge surface is a perfect sink for interstitials. The
property of the Ge surface seems to hold for bare surfaces
like those prepared in Ref. [33] and surfaces covered with
impurities. Our samples were annealed and proton irradi-
ated in a vacuum of about 10�6 mbar. Under these con-
ditions they certainly do not exhibit bare surfaces. This also
applies to the P-implanted sample with a thin SiO2 layer on
top.
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FIG. 3 (color online). Concentration profiles of P-implanted
Ge measured with TOF-SIMS before (thin black dashed line)
and after diffusion annealing (symbols) at the temperature and
time indicated. Only every 6th data point is shown for clarity.
The P profile from the covered part of the sample (blue squares)
represents P diffusion under equilibrium conditions. The corre-
sponding black solid line shows the expected P profile for
diffusion under equilibrium conditions at 600 �C taking into
account published data [7]. The P profile obtained from the
proton irradiated area of the sample (red circles) indicates a
retarded P diffusion under irradiation with respect to equilibrium
conditions. The corresponding black solid line is a numerical
simulation of the concentration dependent P diffusion that
reveals a factor of 20 lower effective diffusion coefficient of P
under irradiation compared to equilibrium conditions. Note, the
10 nm thick SiO2 cap layer was not removed for the SIMS
analysis and considered in the simulations of P diffusion by an
offset in the profile. The high P concentrations in the peak region
of the implanted P profiles likely reflect the formation of P
clusters.
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In conclusion, our experiments on self- and dopant
diffusion in Ge under proton irradiation clearly demon-
strate that interstitial-mediated diffusion is favored under
irradiation that promotes B diffusion and retards P diffu-
sion. These findings open up new strategies to effectively
suppress vacancy-mediated diffusion in Ge that prevails
under thermal equilibrium conditions. Thermal treatments
under irradiation are proposed to solve the diffusion and
also the doping issues that limit today the fabrication of Ge
n-channel MOSFET’s.
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