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The diffusion of self-atoms and n-type dopants such as phosphorus, arsenic, and antimony in germanium
was studied by means of isotopically controlled multilayer structures doped with carbon. The diffusion profiles
reveal an aggregation of the dopants within the carbon-doped layers and a retarded penetration depth compared
to dopant diffusion in high-purity natural Ge. Dopant aggregation and diffusion retardation are strongest for Sb
and similar for P and As. In addition, the shape of the dopant profiles changes for dopant concentrations in the
range of 1020 cm−3 mainly due to the formation of dopant-vacancy complexes, which is more significant at
high concentrations. Accurate modeling of the simultaneous self-diffusion and dopant diffusion is achieved on
the basis of the vacancy mechanism and additional reactions that take into account the formation of neutral
carbon-vacancy-dopant and neutral dopant-vacancy complexes. The stability of these complexes is compared
to theoretical calculations published recently and to additional calculations presented in Part II. The overall
consistency between the experimental and theoretical results supports the stabilization of donor-vacancy com-
plexes in Ge by the presence of carbon and the dopant deactivation via the formation of dopant-vacancy and
carbon-vacancy-dopant complexes.
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I. INTRODUCTION

The continuing decrease in the lateral and vertical dimen-
sions of electronic devices requires the formation of ul-
trashallow junctions with high electrically active dopant con-
centrations. At present, a renewed interest in germanium
�Ge� exists for commercial fabrication of Ge-based field-
effect transistors.1 This trend is driven by the higher carrier
mobility in Ge compared to that in silicon �Si� and the de-
velopment of high-k dielectrics as insulating layers on Ge.
Whereas implantation of boron �B� in Ge and subsequent
annealing2–4 result in active dopant concentrations of a few
1020 cm−3, it still remains difficult to get equivalently high
donor concentrations in Ge.2,4–6 The enhanced diffusion of
n-type dopants under extrinsic conditions hampers the for-
mation of ultrashallow junctions.5,7–9 Recently, we have
demonstrated that the enhanced diffusion is directly related
to the formation and mobility of singly negatively charged
dopant-vacancy pairs.10,11 On the other hand, the slow diffu-
sion of B in Ge favors the formation of ultrashallow p+ /n
junctions. This slow diffusion is a consequence of a self-
interstitial–mediated B diffusion mechanism.12 In order to
realize ultrashallow n-type dopant profiles with high active

dopant concentrations, both the enhanced diffusion under ex-
trinsic conditions and the deactivation of the dopant atoms at
high concentrations must be controlled. Recently, Luo et al.7

reported that the diffusion of phosphorus �P� in Ge is sup-
pressed by the incorporation of carbon �C�. Coimplantation
of C and P in Si has also been demonstrated to effectively
suppress the diffusion of P in Si.13 Luo et al.7 argued that the
suppression of P diffusion in Ge depends on the same
mechanisms that control the suppression of dopant diffusion
in C-doped Si14 and proposed that P in Ge diffuses via a
self-interstitial–mediated mechanism.7 This interpretation,
however, is at variance with more recent observations of the
diffusion behavior of P in Ge.11

In this work, we report experiments on the diffusion of P,
arsenic �As�, and antimony �Sb� in high-purity natural Ge
and isotopically controlled Ge multilayer structures doped
with the isovalent impurity C. The presence of C suppresses
the diffusion of the n-type dopants, but leaves Ge self-
diffusion unaffected. The doping dependence of self-
diffusion reveals the existence of doubly negatively charged
vacancies. Both the self-atom profile and the dopant profile
provide evidence of dopant deactivation at high doping lev-
els. Accurate modeling of the experimental profiles supports
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the formation of neutral carbon-vacancy-dopant and neutral
dopant-vacancy complexes, whose existence is supported by
recent ab initio calculations15–19 and additional calculations
presented in Part II.

II. EXPERIMENT

�100�-oriented p-type single-crystalline Ge wafers
��30 � cm� with a thickness of about 500 �m and isotope
heterostructures grown by means of molecular beam epitaxy
�MBE� at 400 °C on a �100�-oriented natGe substrate wafer
were used for the diffusion experiments. The isotope struc-
ture consists of an amorphous Ge capping layer, which is
about 100 nm thick, followed by a 200-nm-thick crystalline
natGe layer and subsequent ten alternating layers of about
100-nm-thick 70Ge and about 100-nm-thick natGe. The isoto-
pically enriched 70Ge layers were doped with C to concen-
trations of about 1020 cm−3. Another MBE-grown Ge isotope
structure used for the diffusion experiments consists of ten
alternating natGe and 70Ge layers without an amorphous cap-
ping layer. The 70Ge layers of this structure were doped with
C to about 1019 cm−3. The dopants of interest were either
implanted into the top amorphous Ge layer utilizing primary
energies �doses� of 35 keV �1.0E+16 cm−2�, 80 keV �1.0E
+16 cm−2�, and 470 keV �7.0E+15 cm−2� for P, As, and Sb
implantation, respectively, or diffused into the isotope struc-
ture from the gas phase. The implanted top layer serves as
dopant source during diffusion annealing. Samples with lat-
eral dimensions of 5�5 mm2 were cut from the wafers. A
Ge-dopant alloy source with about 1 at. % dopant content
was prepared by melting elemental Ge and the respective
amount of the elemental dopant in a closed ampoule. Both
Ge isotope and natural Ge samples were encapsulated in an
evacuated quartz ampoule together with several milligrams
of the Ge-dopant alloy. The alloy source effectively prevents
depletion of the dopants within the implanted amorphous Ge
layer of the isotope structure and serves as infinite dopant
source for diffusion experiments with isotope structures
without an implanted amorphous cap layer. Diffusion anneals
were performed at temperatures ranging between 600 and
750 °C in a resistance heated furnace for times between 9 h
and 15 min that ensure a dopant profile within the isotope
structure. In order to ensure a fast ramping up to the desired
diffusion temperature, the ampoules were inserted into a pre-

heated furnace. A type-S Pt-PtRh thermocouple was used to
monitor the temperature within an accuracy of �2 K. The
ampoules were quenched in ethylene glycol to terminate the
diffusion process. The dopant profiles were measured by
means of secondary-ion-mass spectrometry �SIMS�. The
SIMS measurements were performed with a Cameca system
using oxygen as a primary ion beam. Dopant- and
C-implanted Ge reference samples with a maximum dopant
concentration of 1.0�1019 cm−3 were used for the calibra-
tion of the SIMS signal. The depths of the craters left from
the SIMS analysis were determined with a Talystep profilo-
meter.

III. RESULTS

Figures 1�a� and 1�b� show the SIMS concentration pro-
files of 70Ge, 73Ge, and 12C of the as-grown Ge isotope struc-
ture with and without an amorphous Ge cap layer, respec-
tively. The SIMS analysis of the former structure reveals a C
concentration within the 70Ge layers of about 1020 cm−3,
whereas the 70Ge layers of the latter sample contain about
1019 cm−3 carbon. Annealing at 600 and 700 °C without ex-
posure to a dopant source leads to a homogeneous broaden-
ing of the isotope structure.20 The broadening is accurately
described with the Ge diffusion coefficient reported by
Werner et al.21 for intrinsic conditions. This shows that self-
diffusion is not affected by the presence of C in the 70Ge
layers. The C distribution itself does not change within the
temperature and time window covered by the experiments.
This indicates that C diffusion in Ge is significantly slower
than self-diffusion and presumably, like B, is also mediated
by self-interstitials. Figures 2–4 illustrate P, As, and Sb dif-
fusion profiles and the corresponding Ge and C profiles in
Ge isotope heterostructures after annealing at temperatures
between 600 and 750 °C. The dopant profiles that are estab-
lished in the case where an implanted amorphous cap layer
serves as dopant source are characterized by a high doping
level of 1021 cm−3 within the first 100 nm from the surface.
The dopant profiles in samples without an amorphous cap
layer were obtained by means of the Ge-dopant alloy source
that maintains a constant vapor pressure within the closed
diffusion ampoule. For comparison, dopant profiles in natu-
ral Ge established at the same temperature and time are also
shown in Figs. 2–4. The dopant diffusion is independent of

FIG. 1. �Color online� SIMS
concentration profiles of 70Ge,
73Ge, and 12C of the as-grown Ge
isotope multilayer structure with
�a� and without �b� an amorphous
Ge cap layer. The position of the
amorphous/crystalline Ge inter-
face is indicated by the fine
dashed line in �a�.
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the dopant source realized in our experiments �see Figs. 2�a�
and 2�b��. Therefore, in the following we do not differentiate
between dopant profiles obtained with the implanted dopant
source and the Ge-dopant alloy source.

The self-diffusion profiles illustrated in Figs. 2–4 reveal
an enhanced intermixing of the natGe / 70Ge layers within the
P, As, and Sb profiles, respectively. This, in particular, be-
comes evident in the As and Sb diffusion experiments. The
self-diffusion is largest close to the surface and lowest at the
front of the dopant profiles. This doping dependence indi-
cates that Ge self-diffusion is mediated by acceptor-like
negatively charged native defects. In order to determine the
charge state of the defect, the doping dependence of self-
diffusion must be analyzed more quantitatively �see below�.

The dopant profiles exhibit a peculiar concentration
“stepup” in each 70Ge layer of the as-grown structure. For
comparison, the profiles in natural Ge show the expected box

shape.11 The dopant stepup in the Ge isotope structure ap-
pears along a reduced penetration depth compared to the pro-
files in natural Ge �see Figs. 2–4�. The aggregation of dop-
ants and suppression of their diffusivity in the isotope
structure are characteristic for a trap-limited diffusion. It is
evident from Figs. 2–4 that the C distribution of the isotope
structure not only remains unaffected by annealing but also
correlates with the dopant stepup. Obviously, the dopant ag-
gregation is caused by C. The high C concentration of about
1020 cm−3 exceeds the solubility in Ge by several orders of
magnitude.22 Investigations of the microstructure by means
of cross-section transmission electron microscopy �TEM� did
not show any C precipitates in the single-crystalline Ge epi-
taxial layers either in the as-grown or annealed isotope struc-
tures. This is demonstrated by the TEM picture in Fig. 5. The
TEM analysis reveals a recrystallization of the amorphous
Ge layer upon annealing and small precipitates of a few

FIG. 2. �Color online� Concentration profiles of 31P �lower symbols�, 74Ge �upper symbols�, and 12C �short dashed line� measured with
SIMS after diffusion annealing of the Ge isotope multilayer structures at the temperatures and times indicated �structures with �without�
amorphous cap layer: �a�, �b�, and �d� ��c���. The isotope structures illustrated in �a�–�c� were annealed in the same diffusion ampoule
together with a natural Ge sample and a GeP alloy source. Under these conditions almost identical P profiles were obtained for a P-implanted
�b� and not implanted �a� Ge isotope structure. The experimental P profiles �thin solid lines� established in natural Ge under identical
conditions are shown for comparison in �a� and �d�. The black upper and lower solid lines are best fits to the experimental 74Ge and 31P
profiles in the Ge isotope structure calculated on the basis of reactions �1�–�3�. The thin wide dashed lines are best fits to the P profiles in
natural Ge that are also shown in �b� and �c� representative for the experimental profile already illustrated in �a�. Carbon doping of the Ge
isotope structure yields to a suppression of P diffusion compared to P diffusion in high-purity natural Ge. The carbon distribution remained
unchanged after diffusion annealing.
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FIG. 3. �Color online� Concentration profiles of 75As �lower symbols�, 73Ge �upper symbols�, and 12C �lower short dashed line� measured
with SIMS after diffusion annealing of the Ge isotope multilayer structures at the temperatures and times indicated �structures with �without�
amorphous cap layer: �b�, �c�, and �e� ��a� and �d���. The experimental As profiles �thin solid lines� established in natural Ge under identical
diffusion conditions are shown for comparison. It is evident that carbon doping of the Ge isotope structure leads to a suppression of As
diffusion compared to As diffusion in high-purity natural Ge. The upper and lower black solid lines are best fits to the experimental 74Ge and
31P profiles in the Ge isotope structure calculated on the basis of reactions �1�–�3�. The thin wide dashed lines show best fits to the As profiles
in natural Ge. The upper short dashed lines in �c� and �e� show simulations of the simultaneous As diffusion and self-diffusion for the case
where the vacancies are singly negatively charged as proposed by Werner et al. �Ref. 21�.
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nanometers in diameter close to the single-crystalline/
polycrystalline interface. The high-resolution image of the
precipitates shown in the inset of Fig. 5 indicates the crys-
talline and coherent nature of the precipitates that very likely
are related to GeAs phases. No evidence of carbon precipi-
tates was found in this and other samples. Therefore, we
assume that C is mainly incorporated on substitutional sites.
This assumption is supported by recent investigations on the
lattice site distribution of C in epitaxially grown Ge1−yCy /Ge
layers.23 At C concentrations of y�0.003, a substantial
amount of C is incorporated on substitutional sites. Accord-
ing to the results of D’Arcy-Gall et al.,23 C with a concen-
tration of 1020 cm−3 in the 70Ge layers, i.e., y�0.002, can be
mainly dissolved on substitutional sites. This is also sup-
ported by the theoretical calculations presented in Part II.
Both the low diffusivity of C and metastability of CC pairs
prohibits the formation of larger carbon clusters.

It is noticeable that the shape of the dopant profile
changes to being less box shaped in the case where the dop-

ant concentration is close to 1020 cm−3. This becomes obvi-
ous in the shape of the P profile in the Ge isotope multilayer
structure compared to the profile in natural Ge �see, e.g., Fig.
2�d��. In natural Ge the expected box-shaped P profile is
established at a maximum doping level of about 3
�1019 cm−3. A far less pronounced box shape of the P pro-
file for concentrations close to 1020 cm−3 is obtained in the
isotope structure. This change in profile shape is at variance
with the diffusion behavior of n-type dopants in Ge expected
on the basis of the vacancy mechanism,11

�AV�− � As
+ + V2−, �1�

with A� �P,As,Sb�. In Eq. �1� AV, As, and V are the dopant-
vacancy pair, the substitutional dopant, and the vacancy, re-
spectively. The charge states of the defects are indicated by
the superscripts. To model the trapping of n-type dopants
within the carbon-doped layers and the change in the shape
of the dopant profiles for high dopant concentrations, the
following reactions are assumed in addition to Eq. �1�:

�AV�− + Cs
0 � �CVA�0 + e−, �2�

�AV�− + As
+ � �A2V�0. �3�

Equation �2� accounts for the trapping of mobile AV− pairs
within the C-doped Ge layers by forming CVA complexes.
This reaction leads to a reduction in strain energy. The com-
plex formation effectively reduces the tensile strain that is
associated with the incorporation of C on substitutional site.
Equation �3� describes the formation of neutral dopant-
vacancy complexes �A2V�0 that are favored by Coulomb at-
traction of the opposite charged defects �AV�− and As

+. The
complexes �CVA�0 and �A2V�0 are both considered immobile
relative to the mobile �AV�− pairs. The charge states assigned
to the various defects follow from the demand to accurately
describe both the dopant and self-atom profiles. The CVA
and A2V complexes appear to be electrically neutral under
the conditions realized by the diffusion experiments.

FIG. 4. �Color online� Concentration profiles of Sb �lower symbols�, 74Ge �upper symbols�, and 12C �lower short dashed line� measured
with SIMS after diffusion annealing of the Ge isotope multilayer structure with amorphous cap layer at the temperatures and times indicated.
The experimental Sb profiles �thin solid lines� established in natural Ge under identical diffusion conditions are shown for comparison. The
presence of carbon in the Ge isotope structure strongly suppresses the diffusion of Sb. The upper and lower black solid lines are best fits to
the experimental 74Ge and Sb profiles in the Ge isotope structure calculated on the basis of reactions �1�–�3�. The thin wide dashed lines
show best fits to the Sb profiles in natural Ge. Note that diffusion annealing did not change the carbon distribution in the isotope structure.

FIG. 5. Cross-section TEM image of a Ge isotope sample dif-
fused with As at 700 °C for 900 s. The corresponding SIMS pro-
files are illustrated in Fig. 3�e�. The TEM analysis reveals a recrys-
tallization of the initial 100-nm-thick amorphous Ge layer and a
zone of small precipitates close to the single-crystalline/
polycrystalline interface. These precipitates are crystalline and co-
herent as illustrated by the high-resolution image �see inset� and
very likely consist of a Ge-As phase. The positions of the single-
crystalline/polycrystalline interface �thin solid line� and the surface
of the sample are indicated.
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Best fits to the experimental profiles are illustrated by the
solid lines in Figs. 2–4. The simulations on the basis of re-
actions �1�–�3� accurately describe the diffusion behavior of
the n-type dopants in natural high-purity Ge and the simul-
taneous self- and dopant diffusion in C-doped Ge isotope
heterostructures. In the framework of reactions �1�–�3�, the
fitting is unique with respect to the charge states of the va-
cancy, the C trapping center Cs

0, the carbon-vacancy-dopant
CVA complex, and the dopant-defect A2V complex in reac-
tion �3�. Figures 3�c� and 3�e� demonstrate simulations of the
simultaneous self-diffusion and dopant diffusion assuming
that all vacancies are singly negatively charged �upper
dashed lines� and doubly negatively charged �upper solid
lines�. Taking into account the intrinsic Ge self-diffusion co-
efficient determined by Werner et al.,21 the doping enhanced
Ge self-diffusion is best described with doubly negatively
charged vacancies.

The nature of the C- and dopant-related defects cannot be
determined unambiguously from the experimental profiles.
However, recent ab initio calculations support the formation
of dopant-vacancy15,16,18,19 and carbon-vacancy-dopant17

complexes. In Part II more comprehensive theoretical calcu-
lations on the association of C with n-type dopants P, As, and
Sb are presented that provide details about the structure, sta-
bility, and mobility of the carbon-vacancy-dopant complexes
in Ge.

The simulation of dopant diffusion on the basis of Eqs.
�1�–�3� provides the concentration profiles of the individual
dopant-related defects. Figures 6�a�–6�f� demonstrate the in-
dividual contributions that add up to the total dopant profile
measured with SIMS. In the case of As diffusion, the contri-
bution of As2V complexes to the total As concentration de-
creases with increasing temperature �see Figs. 6�b�–6�d��,
whereas in the case of P the contribution of P2V remains
significant even at 750 °C �see Fig. 6�a��. Compared to P
and As, the formation of Sb2V complexes is not significant
and can be neglected for detailed modeling of Sb diffusion in
Ge �see Figs. 6�e� and 6�f��. In accord with our previous
results on intrinsic and extrinsic diffusion of P, As, and Sb in
Ge,11 the concentration of AV− pairs is considered to be sev-
eral orders of magnitude lower than the maximum donor
concentration CAs

+
eq , i.e., CAV−

eq /CAs
+

eq
�10−5. Hence, AV− pairs

FIG. 6. �Color online� Contri-
butions of As �chain dotted line�,
CVA �short dashed line�, and A2V
�long dashed line� with
A� �P,As,Sb� to the total dopant
concentration �black solid line�
that accurately describe the SIMS
concentration profiles �symbols�
��a�: P; �b�–�d�: As; �e� and �f�:
Sb�.
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do not contribute to the total concentration of A.
In addition to SIMS measurements that provide informa-

tion about the chemical concentration of the n-type dopants,
some dopant-diffused isotope structures were analyzed by
means of nanospreading-resistance profiling �nano-SRP�.24

Figures 7�a� and 7�b� show a comparison of the concentra-
tion profiles of As and Sb, respectively, measured with SIMS
and nano-SRP after diffusion annealing. Figure 7�b� demon-
strates that the electrical active concentration of Sb in natural
Ge is in good agreement with the chemical profile measured
with SIMS. In contrast, the nano-SRP measurements of the
As- and Sb-diffused Ge isotope structures illustrated in Figs.
7�a� and 7�b� reveal an undulating shape of the electrical
profile. The local maxima of the electrical profile correlate
with the natural Ge layers rather than with the heavily
C-doped layers. On first sight the electrical profile seems to
suggest that the concentration of electrically active dopants
within the C-doped layers is lower than in the natural Ge
layers not doped with C. If this were true, self-diffusion
should be affected by an undulating free-electron concentra-
tion. However, the doping enhanced self-diffusion indicates a
gradual change in the free carrier concentration rather than
an undulating run. This reveals that the undulating shape of
the nano-SRP profile is more likely caused by different mo-
bilities of the free carriers within the C-doped and undoped
Ge layers. The different carrier mobilities are a consequence
of the stronger scattering of the free carriers within the
C-doped layers compared to the undoped Ge. Accordingly,
the free carriers within the C-doped layers possess a lower
mobility than in undoped Ge.

Isotope structures with about 1 order of magnitude lower
C content ��1019 cm−3� show a less pronounced aggrega-
tion of P and As within the C-doped Ge layers and a lower
suppression of dopant diffusion compared to the samples
with high C concentration. This is demonstrated by the P and
As profiles in Figs. 2�c�, 3�a�, and 3�d�. Nano-SRP measure-
ments of the same samples yield donor profiles that are in
good agreement with the chemical profiles �not shown�. The
weak correlation of the electrical profile with the distribution

of C is in accord with the reduced C concentration.
The intrinsic diffusion coefficient DA�nin� with

A� �P,As,Sb� deduced from fitting the experimental dopant
profiles shown in Figs. 2–4 are listed in Table I and illus-
trated in Fig. 8. The results are in good agreement with the
Arrhenius expressions of the intrinsic diffusion coefficients,

DP�nin� = 9.1−3.4
+5.3 exp�−

�2.85 � 0.04� eV

kBT
	 cm2 s−1,

�4�

DAs�nin� = 32−13
+21 exp�−

�2.71 � 0.06� eV

kBT
	 cm2 s−1,

�5�

DSb�nin� = 16.7−4.7
+6.6 exp�−

�2.55 � 0.03� eV

kBT
	 cm2 s−1,

�6�

that were recently determined from intrinsic and extrinsic
dopant diffusion experiments in natural Ge.11 Within the ex-
perimental accuracy, the data for the intrinsic carrier concen-
tration nin determined in this work �see Table I� and in a
recent publication11 are in good agreement. The scatter in the
data of nin reflects the accuracy of the SIMS technique to
determine absolute dopant concentrations.11 Fitting of the ex-
perimental profiles provides data for the carbon-vacancy-
dopant and dopant-vacancy complexes. The model parameter
CC

eff considers the amount of C that effectively acts as trap-
ping center. This parameter may depend on the type of dop-
ant and temperature.

IV. DISCUSSION

The continuum theoretical calculation of the simultaneous
self-diffusion and dopant diffusion are sensitive to the charge
states of the defects involved in reactions �1�–�3� rather than

FIG. 7. �Color online� Concentration profiles of As �a� and Sb �b� measured by means of SIMS and nano-SRP. Within the accuracy of the
electrical profiling technique, the SRP and SIMS profiles of Sb in natural Ge are in good agreement �see upper dashed and solid lines in �b��.
The electrical and chemical dopant profiles in the carbon-doped isotope structures deviate from each other �see �a� and �b��. This deviation
is attributed to differences in the electron mobilities between the carbon-doped 70Ge and the undoped natGe layers.
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to their detailed structure. The identification of the defects
relies on additional information such as the effect of hydro-
static pressure on self-diffusion. This has demonstrated that
the native defect mediating self-diffusion in Ge is the
vacancy.21 The presence of dopant-vacancy pairs and evi-
dence for the vacancy mechanism stem from the analysis of
defects formed by particle irradiation25–28 and dopant diffu-
sion studies.10,11 The specific defects are supported by ab
initio calculations that predict the formation of dopant-
vacancy pairs15–18,29 and vacancies in different charge
states.30,31 In addition, theory predicts the formation of more
complicated donor-vacancy complexes19 such as AxV defects
that can explain the limited activation of n-type dopant im-
plants in Ge.32 For example, As3V and P3V complexes in
heavily As- and P-doped Si have been identified by means of
positron lifetime and coincidence Doppler broadening
measurements.33,34 The formation of these defects explains
the observed electrical compensation of Si at high doping
levels. It should be noted that along the A2V complex con-
sidered in this paper for heavily doped Ge layers, other
vacancy-type defects AnV, which give rise to acceptor states
near the valence band, can form by irradiation of lightly and
moderately doped Ge.35,36

Equations �4�–�6� reveal activation enthalpies QA of 2.85,
2.71, and 2.55 eV for the diffusion of P, As, and Sb via AV
pairs. The activation enthalpy of dopant diffusion via the

TABLE I. Intrinsic diffusion coefficient DA�nin� �
D�AV�−
� �nin�11� of the n-type dopant A� �P,As,Sb� in

Ge determined from modeling the interference between self-diffusion and dopant diffusion in Ge isotope
multilayer structures and from modeling dopant diffusion in natural Ge on the basis of reactions �1�–�3�. The
corresponding diffusion temperature T and time t, maximum donor concentration CAs

+
eq , intrinsic carrier con-

centration nin, total effective carbon concentration CC
eff, and concentration of carbon-vacancy-dopant CCVA

eq ,
and dopant-vacancy complexes CA2V

eq in thermal equilibrium are also listed. The subscript of the dopant
element indicates the Ge material used in the diffusion experiment.

Dopant T t CAs
+

eq nin DA�nin� CC
eff CCVA

eq CA2V
eq

A �°C� �s� �cm−3� �cm−3� �cm2 s−1� �cm−3� �cm−3� �cm−3�

Pa 700 25 200 9.1�1018 4.4�1018 1.3�10−14 1.3�1020 4.5�1019 1.4�1018

Pb 700 25 200 2.7�1018 3.8�1018 1.6�10−14 2.0�1019 8.0�1018 4.1�1017

Pa 700 25 200 9.1�1018 4.4�1018 1.3�10−14 1.3�1020 4.5�1019 1.3�1018

Pa 750 6 000 4.7�1019 7.4�1018 5.5�10−14 1.3�1020 7.6�1019 4.1�1019

Asb 600 72 00 1.0�1019 1.8�1018 1.4�10−14 2.0�1019 3.6�1018 7.2�1018

Asc 600 72 00 1.0�1019 1.4�1018 8.4�10−15 5.4�1018

Asa 600 32 400 1.1�1019 1.7�1018 9.0�10−15 3.5�1019 2.9�1019 2.9�1019

Asc 600 32 400 1.2�1019 1.5�1018 6.2�10−15 2.4�1019

Asa 650 9 300 2.1�1019 3.5�1018 4.7�10−14 5.5�1019 3.4�1019 1.2�1019

Asc 650 9 300 1.9�1019 2.8�1018 6.2�10−14 9.6�1018

Asb 650 1 800 2.8�1019 3.7�1018 5.8�10−14 2.0�1019 8.6�1018 1.2�1019

Asc 650 1 800 2.2�1019 3.0�1018 6.2�10−14 1.3�1019

Asa 700 900 2.9�1019 3.9�1018 2.3�10−13 7.0�1019 2.9�1019 1.2�1018

Asc 700 900 1.7�1019 3.0�1018 5.4�10−13 6.3�1018

Sba 700 5 400 4.7�1018 5.0�1018 1.2�10−12 3.7�1019 3.2�1019

Sba 700 10 800 4.8�1018 5.4�1018 1.0�10−12 3.7�1019 3.1�1019

aGe isotope structure with a total carbon concentration of about 1020 cm−3 within the 70Ge layer.
bGe isotope structure with a total carbon concentration of about 1019 cm−3 within the 70Ge layer.
cNatural high-purity Ge.

FIG. 8. �Color online� Intrinsic diffusion coefficients of the
n-type dopants P, As, and Sb in Ge versus the inverse temperature.
The solid lines show the temperature dependence of dopant diffu-
sion for intrinsic conditions determined from intrinsic and extrinsic
dopant diffusion studies �see Ref. 11 and Eqs. �4�–�6��. The dashed
line is an extrapolation of Eq. �5� to lower temperatures. The sym-
bols illustrate the data determined in this work from modeling the
simultaneous self-diffusion and dopant diffusion in carbon-doped
Ge isotope heterostructures and from modeling As diffusion in natu-
ral Ge.
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vacancy mechanism represents the sum of the formation and
migration enthalpy of AV pairs, i.e., QA=HAV

f +HAV
m . Follow-

ing the analysis of dopant diffusion via vacancies by Hu,37

the activation enthalpy can be decomposed as

HAV
f HAV

m

QA = HV
f − �H1 + HV

m + �H1 − �H3,

�7�

where HV
f and HV

m are the formation and migration enthalpies
of vacancies far away from the dopant. The potential energy
landscape of the vacancy as assumed by Hu37 and Dunham
and Wu38 is illustrated in Fig. 9. �H1, �H2, and �H3 denote
the differences in potential energy between a vacancy far
away and those on first-, second-, and third-nearest-neighbor
sites from the dopant, respectively. The more recent analysis
of vacancy-mediated diffusion in a diamond structure per-
formed by Dunham and Wu38 lead to the following modifi-
cation of the approach by Hu:37

QA = HV
f + HV

m −
�H2 + �H3

2
, �8�

=HV
f + HV

m − �H23. �9�

Equation �8� accounts for a reduction in the migration barrier
of the vacancy associated with changes in the binding energy
between the sites. Taking into account the activation enthalpy
of self-diffusion QGe=HV

f +HV
m=3.09 eV determined by

Werner et al.21 and the activation enthalpy QA of dopant
diffusion, the differences of QGe−QP=0.24 eV, QGe−QAs
=0.38 eV, and QGe−QSb=0.54 eV are obtained. Obviously,
the binding energy of the vacancy increases with increasing
atomic size of the dopant element. According to Dunham and
Wu,38 the difference QGe−QA is the average of the vacancy
binding energy �H23 at the second- and third-nearest-
neighbor sites from the dopant with respect to a vacancy far
away �see Eqs. �7� and �8��. For the interactions of P, As, and
Sb with a vacancy, respectively, we get �H23=−0.24, −0.38,
and −0.54 eV. The negative energy shows that the pair is
more stable than the isolated defects. Recent theoretical cal-
culations of Chroneos et al.17,39 yield −0.52, −0.60, and

−0.70 eV for the binding energy of PV, AsV, and SbV pairs,
respectively, whereas Coutinho et al.15 obtained a binding
energy of −1.05 eV for SbV. Qualitatively, theory predicts
the same trend; that is, the binding energy increases with
increasing size of the dopant element. However, the calcu-
lated energies are higher compared to the experimental re-
sults. This apparent discrepancy is related to the fact that the
theoretical and experimental binding energies refer to differ-
ent sites of the vacancy with respect to the dopant. The cal-
culated binding energy refers to the potential energy of a
vacancy at first-nearest-neighbor site from the dopant,
whereas the binding energy obtained from the experiments
refers to a vacancy at second/third nearest position. Accord-
ingly, a direct comparison between experimental and theoret-
ical results is difficult. However, the binding energy of a
vacancy next to the dopant atom is certainly higher than the
binding energy between dopants and vacancies at second-/
third-nearest-neighbor sites. This explains that the calculated
binding energies are higher than the experimental values. On
the other hand, it is interesting to compare the differences in
the binding energy of AV pairs predicted by theory, i.e.,

�H1
PV − �H1

AsV = − 0.08 eV, �10�

�H1
PV − �H1

SbV = − 0.18 eV, �11�

�H1
AsV − �H1

SbV = − 0.10 eV, �12�

to the differences in the binding energy of AV pairs obtained
from our experiments

�QGe − QP� − �QGe − QAs� = �H23
PV − �H23

AsV = − 0.14 eV,

�13�

�QGe − QP� − �QGe − QSb� = �H23
PV − �H23

SbV = − 0.30 eV,

�14�

�QGe − QAs� − �QGe − QSb� = �H23
AsV − �H23

SbV = − 0.16 eV.

�15�

The energies given by Eqs. �10�–�15� indicate that the poten-
tial energy of a vacancy at a specific site depends on the
dopant element. More specifically, Eqs. �10�–�15� describe a
shift in the potential energy landscape of the vacancy diffu-
sion pathway in the neighborhood of the dopant. This shift is
likely caused by the local stress in the Ge matrix due to the
different atomic sizes of the dopants. The calculated and
experimental values given by Eqs. �10�–�12� and Eqs.
�13�–�15�, respectively, not only describe the same trend, but
also agree quantitatively within the experimental accuracy of
QGe and QA that in total amount to about 0.1 eV.

The temperature dependence of the ratio CCVA
eq /CAs

eq be-
tween the maximum concentration of the carbon-vacancy-
dopant complex and the concentration of the substitutional
dopant can be described with C� exp�−�HCVA

f /kBT�, where
�HCVA

f is the difference in the formation enthalpy between
CVA and As. C� is a constant that comprises the formation
entropy. Taking into account data of CCVAs

eq and CAss

eq from the
analysis of As diffusion in the Ge isotope structure with a

FIG. 9. Potential energy landscape of a vacancy close and far
away from a dopant A. HAV

m and HV
m are the migration enthalpies of

the dopant-vacancy pair and the isolated vacancy, respectively.
�H1, �H2, and �H3 denote the differences in potential energy be-
tween a vacancy far away and those on first-, second-, and third-
nearest-neighbor sites from the dopant, respectively. Hex is the en-
thalpy barrier for site exchange between dopant and vacancy.

DIFFUSION AND… . I. EXPERIMENTAL RESULTS PHYSICAL REVIEW B 77, 235207 �2008�

235207-9



carbon concentration of about 1020 cm−3 �see Table I�, the
temperature dependence of CCVAs

eq /CAss

eq yields �HCVAs
f =

−0.69 eV. This indicates that the CVAs complex is energeti-
cally more favorable than the substitutional dopant. In order
to compare this result with the stability of CVP and CVSb
complexes, we assume that the pre-exponential factor C� is
independent of the dopant element. Within this constraint we
obtain �HCVP

f =−0.77 eV ��HCVSb
f =−0.85 eV�. Assuming

that the formation enthalpies of the substitutional donors are
roughly the same, the difference between the values of
�HCVA

f for the various dopants gives a hint on the stability of
the CVA complexes,

�HCVP
f − �HCVAs

f = − 0.08 eV, �16�

�HCVSb
f − �HCVAs

f = − 0.16 eV, �17�

�HCVSb
f − �HCVP

f = − 0.08 eV. �18�

CVSb is the most stable complex among CVA with
A� �P,As,Sb� and the stability of CVA increases according
to the sequence As→P→Sb. Theoretical calculations on the
binding energies of CVA complexes with respect to the iso-
lated point defects are reported by Chroneos et al.17 Binding
energies HX

b =−0.60, −0.66, and −0.85 eV were obtained for
X=CVP, CVAs, and CSbV, respectively, with energy differ-
ences

HCVP
b − HCVAs

b = 0.06 eV, �19�

HCSbV
b − HCVAs

b = − 0.19 eV, �20�

HCSbV
b − HCVP

b = − 0.25 eV. �21�

The calculations confirm the experimental observation that
complexes with Sb are more stable than complexes with P
and As. The energy differences deduced from the experimen-
tal results �see Eqs. �16�–�18�� and the theoretical calcula-
tions �see Eqs. �19�–�21�� are of the same order of magni-
tude. However, theory predicts a stability of the CVA
complexes that increases according to the sequence P→As
→Sb and hence is at variance with the experiment. This
difference is likely caused by the assumptions considered to
arrive at Eqs. �16�–�18� and not due to the accuracy of the
theoretical calculations. Theory provides additional structural
information on the complex that is not accessible by the
diffusion experiment. The calculations show that a CSbV
complex with an Sb atom next to carbon and a vacancy
rather than a CVSb complex is more bound �see Part II�.

The theoretical calculations performed so far do not pro-
vide any information about the charge state of the triple-
defect clusters. The experiments on the simultaneous self-
diffusion and dopant diffusion, however, indicate that the
clusters must be neutral rather than positively or negatively
charged. This becomes evident with the gradual reduction in
the self-diffusion coefficient with increasing dopant penetra-
tion depth. The change in self-diffusion across the isotope
structure correlates with the concentration profile of the sub-

stitutional donor. No evidence of additional n- or p-type dop-
ing within the C-doped 70Ge layers due to the formation of
charged triple-defect clusters is found.

Evidence for the formation of As complexes that are not
related to C stems from the shape of the dopant profiles both
in natural and isotopically enriched Ge. In particular, the P
and As profiles are less box shaped than those predicted by
vacancy mechanism �1�.40 Assuming that the total concentra-
tion of P and As is electrically active, the diffusion induced
broadening of the Ge isotope structure should be more pro-
nounced than observed experimentally. This and the fact that
the interference between self-diffusion and dopant diffusion
is accurately described when reaction �3� is taken into ac-
count give indirect evidence for the formation of donor-
vacancy clusters. In this respect, it is worth to note that both
As and P profiles measured by means of the spreading-
resistance technique exhibit the expected box shape and, ac-
cordingly, are accurately described on the basis of vacancy
mechanism �1�.11 Obviously, the differences between the
electrical and chemical dopant profiles must be due to neutral
dopant-related complexes. These observations led us to as-
sume reaction �3� that basically describes the formation of a
neutral A2V complex via Coulomb attraction between the
negatively charged donor-vacancy pair and the positively
charged substitutional dopant. In fact, theory predicts the for-
mation of e.g., AsnV clusters with n� �1,2 ,3 ,4� �Ref. 16� as
well as PnV clusters with n� �1,2 ,3 ,4� and SbnV clusters
with n� �1,2 ,3 ,4 ,5� �see Part II�. The clusters with the
maximum binding energies are P4V, As4V, and Sb5V. The
clusters P4V and As4V prevail at temperatures below 800 K,
but for temperatures exceeding 900 K theory predicts that
A2V clusters are more significant for A� �P,As�. Therewith,
our assignment of the donor-vacancy cluster to the A2V de-
fects is supported by theory �see Part II�. According to the
calculations the configuration is AVA with A� �P,As�, i.e., a
vacancy with two nearest-neighbor P �As� atoms rather than
PPV �AsAsV� with one P �As� atom in nearest-neighbor po-
sition and another in a second-nearest-neighbor position to
the vacancy.16,18 So far, predictions on the charge states of
As-vacancy clusters are not available for a comparison.

The continuum theoretical simulations of Sb diffusion in
Ge show that the formation of Sb-vacancy clusters do not
significantly affect the doping of Ge and the diffusion of Sb.
This probably holds only for low Sb doping levels realized in
our diffusion experiments. Following the theoretical calcula-
tions of Coutinho et al.,19 Sb-related clusters are predicted to
compensate for Sb donors. Such clusters are likely formed
after high-dose Sb implantation in subsequent anneals for
dopant activation. The calculations reported in Part II also
reveal a higher stability of Sb-related clusters with and with-
out C compared to the corresponding P- and As-related de-
fects. However, in our experiments the formation of SbnV
clusters is very likely kinetically suppressed compared to the
formation of CSbV clusters, because the Sb doping level is
low and Sb2V complexes that may act as precursor for more
complex clusters are less mobile than SbV pairs �see Part II�.
Accordingly, the high C concentration in our Ge structures
and high mobility of SbV pairs favor the formation of CSbV
complexes rather than that of SbnV clusters.

Finally, the different settings assumed for the effective C
concentration CC

eff are discussed. Accurate modeling of Sb
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and P diffusion in the heavily C-doped isotope structure re-
quires values of 3.7�1019 and 1.3�1020 cm−3, respectively.
Modeling of As diffusion points to CC

eff data that range be-
tween 3.5�1019 and 7.0�1019 cm−3 for temperatures be-
tween 600 and 700 °C. The different settings of CC

eff may
indicate that a limited amount of C is an effective trapping
center and that this amount depends on the type of the dop-
ant. However, one may also argue that the amount of effi-
cient trapping centers is independent of the dopant. In this
case, the different values of CC

eff indicate that not only CVA
but also C�VA�n complexes are formed. Assuming that the
effective trap concentration of 3.7�1019 cm−3 serves for the
formation of CVSb, CC

eff=1.3�1020 cm−3 determined for P
could then be related to the formation of C�VP�3. Following
this interpretation, the temperature dependence of CC

eff ob-
served for the case of As may suggest the formation of
C�VAs�2 complexes, whose contribution increases with tem-
perature at the expense of CVAs formation. In fact, the the-
oretical calculations presented in Part II show that the trap-
ping of an extra AV pair by a CVA cluster leads to a strong
increase in the binding energy. Therewith the formation of
more complex C�AV�n clusters is quite realistic.

V. CONCLUSIONS

The diffusion experiments of the n-type dopants A with
A� �P,As,Sb� in Ge isotope multilayer structures doped
with the isovalent impurity carbon provide comprehensive
information on the mechanisms and the properties of the
atomic defects involved in the matter transport. The simulta-
neous diffusion of dopants and self-atoms reveal that the
vacancy in Ge is doubly negatively charged even under elec-
tronically intrinsic conditions. Recent experiments on the in-
trinsic and extrinsic diffusion of the n-type dopants in Ge
demonstrate that singly negatively charged donor-vacancy
pairs control the diffusion of the dopants and are responsible
for the observed strong enhancement of diffusion under ex-
trinsic doping conditions.11 From the activation enthalpy of
dopant diffusion, we conclude that the binding energy of
�AV�− pairs increases with increasing size of the dopant ele-
ment. Within the approach of Dunham and Hu,38 the differ-
ences in the binding energy of AV pairs describe a shift in the
potential energy landscape of the vacancy diffusion pathway
in the neighborhood of the dopant. This shift is a conse-
quence of the local stress in the Ge matrix due to the differ-
ent sizes of the dopants. The local stress around an oversized
isolated dopant is effectively reduced by pairing of the dop-
ant with a vacancy. Elastic interactions also explain the dif-
fusion of the isovalent impurity tin �Sn� in the Si-Ge alloy
system41 and the preferred Sn-split-vacancy configuration42

compared to the substitutional Sn-vacancy configuration in
Si and Ge.

The enhanced diffusion of the n-type dopants P, As, and
Sb under extrinsic conditions is strongly retarded by doping
of Ge with the isovalent impurity carbon. Carbon can be
incorporated by epitaxial deposition techniques to concentra-
tions several orders of magnitude above its solubility limit.23

Continuum theoretical calculations of the complex behavior
of dopant diffusion in Ge isotope multilayer structures doped

with C reveals that the trapping of the mobile charged
dopant-vacancy pairs leads to the formation of neutral com-
plexes. These complexes are considered to consist of one
carbon, one dopant, and a vacancy. The undersized substitu-
tional Cs produces large tensile strain that attracts the mobile
donor-vacancy pair but not the doubly negatively charged
vacancy; i.e., self-diffusion is not affected by the presence of
C. The stability of CVA complexes and instability of CV
pairs is confirmed by recent density-functional theory calcu-
lations of Chroneos et al.17

Additional defect complexes become evident at high dop-
ant concentrations in high-purity Ge. Whereas for maximum
dopant concentrations of about 1019 cm−3 dopant diffusion is
accurately described on the basis of the vacancy mechanism,
the shape of the dopant profiles obtained for concentrations
above 1019 cm−3 is at variance with the vacancy mechanism.
Accurate simulations of the experimental diffusion profiles
require the existence of neutral dopant-defect complexes that
form due to the Coulomb attraction between the singly nega-
tively dopant-vacancy pair �AV�− and the singly positively
charged substitutional dopant As

+. The stability of these A2V
complexes is confirmed by the theoretical calculations in
Part II. Overall, Eqs. �1�–�3� represent the minimum system
of diffusion reactions that are required to accurately model
the complex diffusion of n-type dopants in C-doped Ge at
low and high doping levels. The theoretical calculations pre-
sented in Part II confirm the stability of the defects involved
in reactions �1�–�3� and therewith provide additional evi-
dence for these reactions.

The good agreement between the experimental results and
theoretical predictions on the binding energies of AV pairs
and CVA complexes proves vacancy mechanism �1� and re-
actions �2� and �3� for modeling the diffusion of the n-type
dopants P, As, and Sb in Ge. It is interesting to note that in
the case of Si, no agreement between experiment and theory
exists on dopant diffusion and even self-diffusion via the
vacancy mechanism.40 The reason for this discrepancy that is
fundamental for our understanding on atomic transport in Si
and SiGe will be discussed in a separate paper.43

For the fabrication of modern electronic nanodevices, the
enhanced diffusion of n-type dopants observed under elec-
tronically extrinsic conditions and the deactivation of donors
at high dopant concentrations hinder the formation of ul-
trashallow junctions with high active dopant concentrations.
The enhanced diffusion of the dopants can be effectively
suppressed by an incorporation of C. Like in the case of B, it
is very likely that a high concentration of C can be incorpo-
rated on substitutional sites by ion implantation and subse-
quent anneals to remove the implantation damage. However,
the deactivation problem of the n-type dopants at high dop-
ing levels is not solved by C. In order to control the forma-
tion of neutral or even acceptor-like dopant-vacancy com-
plexes that compensate for the donors, other concepts must
be considered. In this respect, Ge self-interstitials would be
extremely helpful, since in the case they can be introduced in
supersaturation, they would suppress not only the formation
of dopant-defect complexes but also the formation of dopant-
vacancy pairs and thus would suppress both the diffusion and
the deactivation of n-type dopants. Defect engineering with
Ge self-interstitials could solve the problems associated with
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the fabrication of Ge-based n-channel metal-oxide-
semiconductor field-effect transistors �n-MOSFET’s�. How-
ever, isolated Ge interstitials have not yet been observed in
experiment either directly or indirectly. But interstitial-type
�113� defects have been found after hydrogen and P implan-
tation in Ge.44,45 Additional efforts are still required to create
and control the formation of isolated interstitials and more
complex interstitial-type defects. In this respect, experiments
on radiation enhanced diffusion of self-atoms and dopant at-
oms can help to determine the properties of Ge interstitials.20

Early attempts indicate an enhancement of P diffusion in Ge
under proton irradiation.46 This enhancement is associated
with the supersaturation of vacancies formed by proton irra-
diation that lead to enhanced concentrations of mobile PV
pairs compared to their concentrations under thermal equilib-
rium conditions. In order to investigate, in particular, the
properties of isolated Ge self-interstitials, the radiation en-
hanced diffusion of foreign atoms must be considered that

mainly diffuse by means of self-interstitials. Both B- or
C-doped Ge isotope structures are suitable test structures for
radiation enhanced self-diffusion and dopant diffusion ex-
periments. These experiments could help to determine the
properties of Ge self-interstitials. This information is of fun-
damental significance to utilize this defect for effective de-
fect engineering in the fabrication of n-MOSFET’s.
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