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Te homogeneous precipitation in Ge dislocation loop vicinity
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France
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High resolution microscopies were used to study the interactions of Te atoms with Ge dislocation

loops, after a standard n-type doping process in Ge. Te atoms neither segregate nor precipitate on

dislocation loops, but form Te-Ge clusters at the same depth as dislocation loops, in contradiction

with usual dopant behavior and thermodynamic expectations. Atomistic kinetic Monte Carlo simu-

lations show that Te atoms are repulsed from dislocation loops due to elastic interactions, promot-

ing homogeneous Te-Ge nucleation between dislocation loops. This phenomenon is enhanced by

coulombic interactions between activated Te2þ or Te1þ ions. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953627]

Carrier mobility is faster in Ge than in Si, and Ge allows

lower thermal budget processes to be used compared to Si.

Because of Ge compatibility with the current Si-based com-

plementary metal oxide semiconductor (CMOS) technology,

and because of the successful development of high-k dielec-

trics in last generation microelectronic devices, the develop-

ment of a Ge-based CMOS technology is seriously

investigated.1–10 However, Ge doping is one of the main dif-

ficulties preventing Ge CMOS technology to arise.1,11–17 In

particular, usual n-type Si dopants (such as As and P) exhibit

a larger diffusivity and a lower solubility in Ge,1,11–14,17 pre-

venting the production of Ge devices as small as current Si

devices (lateral size< 20 nm). Thus, advanced doping proc-

esses are studied in order to get high doping levels and shal-

low p-n junctions in Ge, using current single acceptor/donor

Si dopants from the columns III and V of the periodic ta-

ble.11,12,18–22 However, the doping potential of several dop-

ants using the current doping technique (dopant implantation

followed by rapid thermal annealing) was still poorly investi-

gated. For example, the Te solubility is expected to be low in

Ge but not too much different from that of As, P, and Sb

according to phase diagrams.23 However, Te implantation in

Ge was not yet reported in the literature, despite that Te

atoms can act as double donors (column VI) in Ge. Heavy-

dopant implantation leads to the formation of dislocation

loops (DLs) after dopant activation thermal annealing.24–27

These DLs can interact with the implanted dopants, deterio-

rating the electrical properties of the doped region (transistor

source and drain).28 Interstitial metals such as Ni,29 and sub-

stitutional dopants such as B, As, and P30–32 were shown to

segregate on Si DLs forming atmospheres located at the

edges of DLs. Furthermore, DLs are expected to act as heter-

ogeneous nucleation centres for dopant clusters.33,34 In par-

ticular, segregation is expected to precede cluster

nucleation.33–35

In this work, Te atom interaction with Ge DLs was stud-

ied after typical n-type Ge doping process. Contrasting with

dopant behaviours reported so far in the literature, Te atoms

are shown to not segregate on DLs, and contrasting with gen-

eral expectations, Te-Ge clusters are shown to nucleate in Ge

following homogeneous nucleation, far from DLs but at the

same depth. Kinetic Monte Carlo (KMC) simulations show

that Te atoms are repulsed from the DLs due to elastic inter-

actions, supporting Te-Ge homogeneous precipitation away

from DLs. In addition, coulombic interactions are shown to

promote homogeneous GeTe precipitation and to prevent

atom segregation to DLs.

3.1� 1015 Te at. cm�2 were implanted in an Ge(001)

substrate with a Teþ ion beam energy of 180 keV. The sam-

ple was annealed at T¼ 650 �C for 1 h after implantation,

and was characterized by high-resolution transmission elec-

tron microscopy (HR-TEM), high-angle annular dark-field

scanning transmission electron microscopy (HAADF-

STEM), and laser-assisted atom probe tomography (APT).

HR-TEM and HAADF-STEM analyses were performed

using an FEI Titan 80–300 Cs-corrected microscope operat-

ing at 300 kV and equipped with a Gatan Model Ultra Scan

1000P charged-coupling device (CCD) camera and a Gatan

Model 806 annular HAADF-STEM detector. STEM images

were acquired using a camera length of 195 mm (collecting

angle between 29.77 and 182.08 mrad). APT analyses were

performed using a LEAP 3000�HR microscope in the

pulsed laser mode. The analyses were carried out at 20 K,

with a laser pulse frequency of 100 kHz, using a laser power

of 0.07 nJ, corresponding to IGe
2þ/IGe

1þ ¼ 10.

Two types of defects located at the same depth were

detected after sample annealing: (i) hexagonal DLs located

in {111} planes, and (ii) Te-Ge clusters. Fig. 1(a) presents an

HR-TEM cross-section image showing three different Frank

partial DLs located at different depths in the thickness of the

TEM sample. Their lateral size varies between 5 and 20 nm,

suggesting that the DL coarsening process supported by Ge

self-interstitial diffusion did not end at the end of the thermal

annealing.24–27 Fig. 1(b) presents an APT volume measured

in the same sample in the cross-section mode36,37 (the sur-

face of the volume corresponds to Ge(110)). Red, blue, and

green dots correspond to single Ge, Te, and Ni atoms,

respectively. The Ni atoms come from a 100 nm-thick Ni cap

deposited at room temperature on the sample surface for

a)Author to whom correspondence should be addressed. Electronic mail:

alain.portavoce@im2np.fr
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protection before APT sample preparation.36–38 A DL can be

detected in this volume due to a local modification of the

atomic density related to a local magnification effect caused

by the DL during APT experiments.29,39–41 The red surface

forming an elongated volume corresponds to an atomic iso-

density of 7.5� 1022 at. cm�3, about two times greater than

the atomic density in the rest of the APT volume (4.0� 1022

at. cm�3), which is consistent with the presence of a Frank

partial DL bounding an extrinsic stacking fault (ESF). This

atomic density increase in DL vicinity has the same origin as

the density increase found in Ge grain boundary surround-

ing.42 The black line in Fig. 1(b) shows the orientation of the

DL plane. It forms an angle of �38.5 6 5� with the normal

of the surface of the APT volume, in agreement with the

angle (34.3�) between the h111i and h110i directions in the

Ge lattice. Few Te atoms are detected in the APT volume

but they are located far from the DL. Contrasting with previ-

ous measurements concerning classical dopants in Si, Te

atoms do not segregate on DLs. However, Ni atoms from the

surface Ni cap are found to form a Cottrell atmosphere sur-

rounding the DL, as observed in the case of Si DLs.29,43

Indeed, Ni atoms can diffuse at room temperature in Ge,

since they use the interstitial mechanism such as in Si.12 The

local Ni composition in the DL vicinity was found to be

�5%, which is smaller than the Ni composition found in Si

DL vicinity (�10%), but of same magnitude.29,43 These

results were confirmed by HAADF-STEM imaging: no Te

atoms could be detected on the DLs. For example, Fig. 1(c)

presents a HAADF-STEM image showing two DLs sepa-

rated by about 50 nm, exhibiting a hexagonal shape and a

darker contrast compared to the surrounding Ge matrix. No

Te atom was detected on the DL or in its immediate vicinity.

Te atoms should give a brighter contrast in HAADF

analyses, since they are significantly heavier than Ge atoms.

The slight intensity decrease observed within the Frank par-

tial DL is attributed here to the presence of the ESF and the

resulting dechanneling of the electrons, but it must not be

correlated with the local chemical content. Te-Ge clusters

were also detected at similar depth as DLs. Their average lat-

eral size is �5 6 2 nm and their average Te composition is

�10 6 5% from APT analyses. Fig. 1(d) presents the Te and

the Ge one-dimensional composition profiles measured by

APT throughout one of these clusters exhibiting a lateral size

of �6 nm. The Te composition inside the cluster is homoge-

neous and about 15%. These Te-Ge clusters do not corre-

spond to a known compound from the Te-Ge phase diagram,

since Te and Ge can only form the compound GeTe, corre-

sponding to a Te composition of 50%.23 The melting temper-

ature of Te (449.6 �C) and GeTe (724 �C) being significantly

lower than that of Ge (938.3 �C), the cluster evaporation field

is expected to be lower than that of the Ge matrix, suggesting

a local “focalization effect” in cluster vicinity in the APT

volumes.40 Indeed, the average atomic density in the clusters

(6.7� 1022 cm�3) was found to be about 49% higher than in

the Ge matrix (4.5� 1022 cm�3). Thus, part of the Ge atoms

found in the Te-Ge clusters is probably coming from the ma-

trix surrounding the clusters. Assuming that (i) the clusters

should possess the atomic density of the GeTe compound

(3.7� 1022 cm�3), and (ii) the extra atomic density in the

clusters is only resulting from additional Ge atoms from

the matrix, the corrected average Te composition in the

clusters is found to be 18% instead of 10%. Consequently,

the detected Te-Ge clusters probably correspond to non-

stoichiometric clusters as proposed by non-classical nuclea-

tion theories.44 Since Te could form clusters during

annealing, the diffusion kinetic of Te atoms is not the limit-

ing factor preventing Te atoms from reaching the DLs, from

segregating, and from precipitating on the DLs. In addition,

the entire Te dose measured by APT in the clusters is

�2.5� 1014 at. cm�2, which corresponds to �0.08 times the

implanted dose, meaning that a significant reservoir of Te

atoms in solution in the sample was available to decorate the

Te-free DLs observed in the sample.

In order to understand the unusual interactions between

Te atoms and Ge Frank DLs, simulations were performed at

the atomistic scale, the same scale as the HR-TEM and APT

measurements. Both chemical and elastic interactions need to

be taken into account for modelling precipitation and segrega-

tion, and the simulation cell should be large enough to contain

an entire isolated Frank DL formed by an interstitial disc

located in between two adjacent {111} planes of the diamond

structure shuffle set. In this case, KMC simulation on a rigid

lattice appears as the best solution to simulate the experimen-

tal results. Because of calculation time restrictions, chemical

interactions are usually modelled using atomic pair energies,

and elastic interactions are taken into account using a contin-

uum model.34 However, in order to get an elastic description

of the system at the atomic scale, it was preferred to use a

semi-empirical potential to determine the stress state of each

atomic site.45,46 A hexagonal 5 nm-wide atomic plane made of

183 atoms was inserted between two (111) atomic planes of

the Ge diamond lattice (8.69� 8.69� 8.69 nm3 cell with peri-

odic conditions in the three spatial directions), and fully

FIG. 1. TEM and APT analyses of the defects observed in the Ge(001) sub-

strate after Te implantation and annealing at 650 �C for 1 h: (a) HR-TEM

cross-section image showing three partial dislocation loops viewed along the

h110i direction; (b) side view of an APT volume; the red, blue, and green

dots correspond, respectively, to Ge, Te, and Ni atoms, the red surface corre-

sponds to an atomic iso-density of 7.5� 1022 at. cm�3; (c) HAADF-STEM

cross-section image showing two partial dislocation loops; and (d) Ge and

Te concentration profiles measured by APT through a Te cluster.
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relaxed by the Monte Carlo technique at 600 �C using the Ge

SW potential in order to model a DL.46 The SW potential was

already used to simulate Te interatomic interactions.47–50

However, it was parametrized based on the Si parameters only

for the diamond lattice, aiming to match the energy and lattice

constant of a given compound such as CdTe in the zinc-blende

structure, and a fictitious pure Te in the diamond structure. We

propose a different set of parameters given in Table I, based on

the Ge SW parameters from Yu et al.46,51 As the rigid lattice

of the Ge matrix has a cubic symmetry, the SW Te-Te poten-

tial was parametrized to stabilise pure Te in the fcc structure,

instead of the real hexagonal structure, with a lattice parameter

a equal to the two identical lattice parameters a and b
(¼0.44572 nm) of the hexagonal structure, and to match the Te

cohesive energy Ecoh¼�2.23 eV at�1 and the Te bulk modu-

lus B¼ 65 GPa. Te and Ge can only form a single compound

GeTe with the rock-salt structure at T> 430 �C.23 Thus, the

SW Te-Ge potential was parametrized to stabilise this structure

with aGeTe¼ 0.585 nm, Ecoh
GeTe¼�3.45 eV at.�1, and

BGeTe¼ 51 GPa from ab initio calculations at T¼ 0 K.52 The

relaxation was performed by MC at 10 K. The parameters

from Table I lead to aTe¼ 0.44572 nm, Ecoh
Te¼�2.23 eV

at.�1, BTe¼ 61.6 GPa; and aGeTe¼ 0.585 nm, Ecoh
GeTe

¼�3.45 eV at.�1, and BGeTe¼ 49.8 GPa. The energy E0 of

each substitutional site (S) and tetrahedral interstitial (TI) site

of the relaxed cell containing the DL was calculated using the

SW potential, by placing an isolated Te atom on each consid-

ered site. Thus, Te atoms were randomly inserted sequentially

on the Ge S sites and allowed to move to first neighbouring S

and TI sites following the Metropolis algorithm45,46,53 during

KMC simulations at 600 �C. Each Te atom in the simulation

cell performed 106 migration jumps before an additional Te

atom was inserted. Figs. 2(a) and 2(b) present the simulation

results obtained in the case of a migration energy

Em¼DE0¼E0f �E0i, with E0i the Te atom energy on the ini-

tial site before migration and E0f the Te atom energy on the

final site after migration. 400 Te atoms were inserted in the

simulation cell, which corresponds to a Te concentration of

�5.3� 1020 cm�3. The simulation time is equivalent to

4.57� 107 s (�529 days), considering the Te experimental dif-

fusion coefficient in Ge D¼ 5.6� exp(�2.43 eV/kBT) cm2 s�1

(giving a diffusion length of 330 nm for annealing at 650 �C
for 1 h).54 All the Te atoms occupy S sites (Fig. 2(a)). The ma-

jority of Te atoms are located several atomic planes away from

the Frank DL, leaving a Te-free region surrounding the DL.

Only 13 atoms are located on the DL (Fig. 2(a)). Few atoms

are sited on the DL edges, but the majority of atoms are sited

on the dislocation plane. No Te cluster was formed. It is inter-

esting to note that as the Te atoms have the same number of

Ge first neighbours on S sites and TI sites in the same tetrahe-

dral structure, DE0 can be considered to be mainly related to

the difference of stress states between the two considered sites

on a radius up to the first neighbour distance.45,46 Indeed, the

denuded region was found to match the pressure variations on

the atomic sites, namely, the atomic sites exhibiting the highest

pressure were found to be free of Te atoms. In order to simu-

late the possible formation of Te-Ge clusters on the two rigid

lattices (substitutional and interstitial), the SW potential was

used to calculate the average energy eGeTe of the first neighbour

Te-Ge bond in a relaxed 13-atom GeTe cluster nucleating in

fcc Ge (the Te fcc sub-lattice of the GeTe rock-salt structure

was filled atom by atom while the Ge fcc sub-lattice was fully

occupied). As no Ge atom were allowed to move, and the

number of first Ge neighbour was the same on S and TI sites,

cluster formation can only be modelled in our geometry (rigid

lattice) by the formation of a pure Te cluster. Thus, the first

neighbour Te-Te bond energy was set to be the same as

eGeTe¼�0.78 eV at.�1, aiming to scale the clustering energy

to the elastic energy E0 calculated with the same potential.

TABLE I. Parameters of the Stillinger-Weber potential used in this work.

Ge-Ge Te-Te Ge-Te

e 1.925 0.3171 6.33

r 2.181 2.64 2.59

A 7.049556277 11.0 11.0

d 1.0 1.0 2.0353

k 19.5 5.5 5.5

cosht �1/3 0.0 0.0

FIG. 2. KMC simulation results showing the entire simulation cell ((a), (c),

and (e)) as well as the atomic distribution within the partial DL, in the plane

of the extrinsic stacking fault ((b), (d), and (f)): (a) and (b) SW potential; (c)

and (d) SW potential and Te-Te pair interactions; and (e) and (f) SW poten-

tial, Te-Te pair interactions, and Coulombic interactions. Brown, black, and

red dots correspond to Ge atoms in the dislocation plane, Te atoms on the

substitutional lattice, and Te atoms on the interstitial lattice, respectively. In

all the presented cases, the number of Te atoms introduced in the cell is 400,

and the simulation time corresponds to 4.57� 107 s.
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Figs. 2(c) and 2(d) present the results obtained considering

Em¼DE0 þ DEb, with DEb the energy difference based on

first neighbour pair energy. All the Te atoms still occupy S

sites. The Te-free region surrounding the DL is still present,

and several Te atoms are located on the DL. However, small

Te clusters were formed away from the DL in agreement with

the experimental observations. Substitutional Te atoms are

expected to be activated, and thus, to carry two positive ele-

mentary charges. In addition, vacancies (V) were shown to

carry two negative elementary charges in n-type Ge,55 and to

interact with dopants forming mobile dopant-V com-

plexes.56–63 Consequently, one could expect the formation of

uncharged mobile TeV0 pairs in our case. In addition, the Te

atoms forming GeTe clusters are also expected to be neutral.

Thus, KMC simulations were also performed considering cou-

lombic interactions between Te2þ ions located on S sites (acti-

vated n-type dopants), and Te0 atoms located on TI sites to

model mobile species allowed to cluster on the interstitial sub-

lattice. Furthermore, since no Te atoms were detected experi-

mentally on the DLs, the Te atoms located on the DL were

assumed to carry a single positive charge in order to have re-

pulsive interactions between Te atoms on the DL, as well as

between substitutional Te atoms and Te atoms located on the

DL. Figs. 2(e) and 2(f) present the results obtained considering

Em¼DE0 þ DEb þ DEc, with DEc the coulombic energy dif-

ference. In this case, the Te atom majority occupies TI sites

and formed larger clusters located away from the DL. In addi-

tion, the number of Te atoms located on the DL decreased by

�50% (only 7 Te atoms instead of 13 considering only the

elastic effect). These results are in better agreement with the

experimental observations. It is interesting to note that without

the DL in the simulation cell, the repulsive coulombic interac-

tions between the Te2þ ions located on S sites have a strong

impact on the Te distribution. Indeed, when the Te2þ ions con-

centration reaches 5.5� 1019cm�3 in the cell, Te atoms start

to pass from S sites to TI sites, meaning that the repulsive cou-

lombic energy rose beyond the formation energy of uncharged

TI Te atoms. The maximum concentration of activated Te

atoms that was achieved was about 8.5� 1019cm�3. All the

Te atoms occupy TI sites beyond this concentration.

In conclusion, high resolution TEM and APT analyses

were used to study Te atom interactions with Ge Frank DLs

in the case of Ge n-type doping. Atomic scale observations

showed that in contrast with usual Si dopants such as B, As,

and P, Te atoms do not segregate on Ge DLs, and in contrast

with common expectations, Te does not precipitate on the

DLs but between the DLs, preferring homogeneous nuclea-

tion instead of heterogeneous nucleation that is generally en-

ergetically favoured. Atomic scale KMC simulations show

that Te atoms are repulsed from Ge DLs due to elastic inter-

actions. Te atoms on S and TI sites surrounding the Ge DLs

(up to 4–5 atomic planes) are subjected to a strong compres-

sive stress, leading to a Te-free region around the DLs even

at high temperatures (600 �C in the simulations). However,

few Te atoms were found to attach to the extrinsic stacking

fault bounded by the Frank DL, which was not evidenced by

the experimental observations. The scenario the closest to

the experiments, leading to the nucleation of Te clusters far

from the DLs with a reduced number of Te atoms attached to

the dislocation plane, also considers coulombic interactions

in the case of activated Te2þ ions, Te0 atoms as mobile spe-

cies (in agreement with TeV0 mobile pairs), and Te1þ ions

attached to the dislocation plane.

This work was supported by the French National Agency
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