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B migration in Si and Ge matrices raised a vast attention because of its influence on the production

of confined, highly p-doped regions, as required by the miniaturization trend. In this scenario, the

diffusion of B atoms can take place under severe conditions, often concomitant, such as very large

concentration gradients, non-equilibrium point defect density, amorphous-crystalline transition,

extrinsic doping level, co-doping, B clusters formation and dissolution, ultra-short high-temperature

annealing. In this paper, we review a large amount of experimental work and present our current

understanding of the B diffusion mechanism, disentangling concomitant effects and describing the

underlying physics. Whatever the matrix, B migration in amorphous (a-) or crystalline (c-) Si, or

c-Ge is revealed to be an indirect process, activated by point defects of the hosting medium. In a-Si

in the 450-650 �C range, B diffusivity is 5 orders of magnitude higher than in c-Si, with a transient

longer than the typical amorphous relaxation time. A quick B precipitation is also evidenced for

concentrations larger than 2� 1020 B/cm3. B migration in a-Si occurs with the creation of a

metastable mobile B, jumping between adjacent sites, stimulated by dangling bonds of a-Si whose

density is enhanced by B itself (larger B density causes higher B diffusivity). Similar activation

energies for migration of B atoms (3.0 eV) and of dangling bonds (2.6 eV) have been extracted. In

c-Si, B diffusion is largely affected by the Fermi level position, occurring through the interaction

between the negatively charged substitutional B and a self-interstitial (I) in the neutral or doubly

positively charged state, if under intrinsic or extrinsic (p-type doping) conditions, respectively. After

charge exchanges, the migrating, uncharged BI pair is formed. Under high n-type doping conditions,

B diffusion occurs also through the negatively charged BI pair, even if the migration is depressed by

Coulomb pairing with n-type dopants. The interplay between B clustering and migration is also

modeled, since B diffusion is greatly affected by precipitation. Small (below 1 nm) and relatively

large (5-10 nm in size) BI clusters have been identified with different energy barriers for thermal

dissolution (3.6 or 4.8 eV, respectively). In c-Ge, B motion is by far less evident than in c-Si, even if

the migration mechanism is revealed to be similarly assisted by Is. If Is density is increased well

above the equilibrium (as during ion irradiation), B diffusion occurs up to quite large extents and

also at relatively low temperatures, disclosing the underlying mechanism. The lower B diffusivity

and the larger activation barrier (4.65 eV, rather than 3.45 eV in c-Si) can be explained by the

intrinsic shortage of Is in Ge and by their large formation energy. B diffusion can be strongly

enhanced with a proper point defect engineering, as achieved with embedded GeO2 nanoclusters,

causing at 650 �C a large Is supersaturation. These aspects of B diffusion are presented and

discussed, modeling the key role of point defects in the two different matrices. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4763353]
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I. INTRODUCTION

The diffusion of B atoms in silicon represents an

emblematic issue for the indirect migration process of impur-

ities in solid materials, as it is well-established that B dif-

fuses in crystalline Si (c-Si) mainly through the interaction

with self-interstitial Si atoms (Is).1–4 Such a phenomenon is

nowadays largely understood and quite precisely modeled as

it has been studied for more than four decades by the mate-

rial science community. Actually, it is both an exciting

solid-state physics issue, due to the relevant underlying mi-

croscopic mechanisms, and a continuous challenging topic,

because of the noteworthy applications in miniaturized

microelectronics devices (B being the main p-type dopant in

Si). Nonetheless, B diffusion is still studied since next tech-

nological designs scheduled by the International Technology

Roadmap for Semiconductors (ITRS),5 such as the sub-

22 nm nodes, require dopant diffusion to be controlled down

to or even below the nanometer scale and, what is more con-

straining, under really severe processing conditions.

The miniaturization trend has driven great efforts for

developing advanced processing recipes, involving refined

combination of sophisticated techniques among which pre-

amorphization implant (PAI), sub-1 keV B implantation,

millisecond flash and/or laser annealing, C or F co-

implantation, and cluster B implantation.6–9 Under such

extreme conditions, the diffusion of B occurs with features

that need to be detailed and modeled. Just to appreciate the

effect of some post-implantation annealing recipes (750 �C-

15 min, 1000 �C spike, and 1300 �C single or multiple flash

anneals), in Fig. 1, boron chemical profiles are shown for pre-

amorphized Si implanted with 0.5 keV, 1�1015 Bþ/cm2.6

Significant differences both in the diffused profiles and in the

B activation levels were evidenced, due to the interplay with

the concomitant thermal evolution of the extended defects

created by the PAI and of the clustered B. In fact, for the

higher temperature anneals, B profiles show a clear immobile

peak (indicated by the arrows) due to B precipitation, not

visible at 750 �C because of the low B diffusivity.6 For low

thermal budget, a less effective defect dissolution occurs,

determining a lower Is density and, as a consequence, a lower

boron broadening. The spike or flash anneal gives out a

broader final boron profile since larger Is emission from

extended defects occurs as well as the concomitant B clusters

dissolution. On the other hand, B clusters significantly act as

independent scattering centers, lowering the hole mobility

down to �40% of its theoretical value.6 It should be noted

that in such extreme conditions, many phenomena actually

occur, which heavily affect the diffusion and the electrical

activation of boron atoms and, finally, influence the achieve-

ment of ultra-shallow and custom-shaped junctions. In order

to allow simulation software tools managing the complexity

of this last process, a continuous upgrading is needed in the

comprehension of the physics underlying all these phenom-

ena, among which the B diffusion and clustering, at very high

dopant concentrations, in amorphous Si or in crystalline Si,

and, recently, also in Ge lattices.

Typically, B is implanted in silicon previously amorph-

ized by Ge implantation, for avoiding channeling tails and

implant damage at the junction depth, while increasing the

activation level. Because of this, at the very early stage of

annealing and up to the completion of the concomitant solid

phase epitaxy regrowth (SPER), B atoms diffuse in the amor-

phous phase of Si (a-Si) and they typically precipitate into

small B clusters, which causes the lack of electrical activa-

tion once in the crystalline matrix. Both the diffusion and

clustering in a-Si cannot be neglected, since they influence

the final B profile and its activation in the desired ultra-

shallow junction. In fact, B diffusivity in a-Si is measured to

be more than five orders of magnitude larger than in crystal-

line Si at the same temperature,10,11 so, even if the SPER can

be completed during the rump-up stage of a flash annealing,

boron atoms will experience a non negligible diffusion. B

diffusion coefficient (DB) in a-Si, at the temperature of

650 �C and at a concentration level of 1�1020 B/cm3, can be

as high as DB ¼ 7�10�14 cm2/s, while in c-Si, DB is about

1�10�19 cm2/s.11 Moreover, since in a-Si, B diffusivity

increases with dopant concentration, a peculiar diffused

shape comes out with large shoulders and shortened tails,

showing concentration gradients enhanced with respect to

the non-diffused profile. Such an effect seems to be opposing

the Fick’s law, according to which the driving force for

migration is the reduction of the concentration slope. Still, in

this case, the diffusivity of the migrating species is non

FIG. 1. Chemical profiles SIMS of B atoms after implantation (0.5 keV,

1� 1015/cm2) in Ge pre-amorphized Si, and after different thermal processes

(750 �C-15 min, 1000 �C spike, 1300 �C single or multiple flash anneals). A

boron profile is also reported as a reference sample (grown by chemical

vapor deposition, CVD). The kinks (shown by arrows) in the annealed pro-

files indicate the formation of an immobile B peak (due to B clustering).

Reprinted with permission from F. Severac, J. Appl. Phys. 107, 123711

(2010). Copyright 2010 American Institute of Physics.
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homogeneous at all, depending on the concentration itself.11

In addition, it was clearly demonstrated that B de-activation

is partly due to the dopant clustering in the amorphous phase

prior to the completion of the SPER process.6,12,13 Thus, B

migration and precipitation in a-Si need to be detailed, for a

complete description of B diffusion.

Once the SPER is complete, the migration of B atoms

occurs in the crystalline matrix under extrinsic conditions,

because the high dopant concentration at certain tempera-

tures causes the Fermi level shift towards the valence band

edge, thus modifying the population of charged Is useful for

B diffusion. In this condition, the B migration occurs through

the interaction with neutral Is and also with doubly positively

charged Is, and the B diffusivity is enhanced by some orders

of magnitude with respect to intrinsic conditions. At the tem-

perature of 690 �C, under intrinsic conditions, DB¼ 6

� 10�18 cm2/s, while at the same temperature, if a p-type

doping at a level of 2.8� 1019 /cm3 is present, then DB

increases up to 2� 10�16 cm2/s.14 Also in this case, an appa-

rent violation of the Fick’s law occurs as the diffused shape

shows concentration gradients, which are larger than in the

non-diffused profile, since DB increases with dopant concen-

tration. In addition, the high B concentration also causes fur-

ther non-equilibrium precipitation, which adds to clusters

generated in amorphous Si. It is straightforward that the for-

mation and dissolution of B clusters affect the dopant

diffusion. This still holds not only because B atoms are im-

mobilized and then released but also since these clusters con-

tains Si self-interstitials (needed to start the B migration

process), which can be immobilized and released too. Fur-

ther effects should be considered as the closeness of the sur-

face, and its passivation, the pairing of B with impurities, the

formation and dissolution of large I-type defects, the pres-

ence of new classes of defects,15 and so on. Thus, it is clear that

numerous, simultaneous, and interplaying phenomena affect

the B diffusion process and an accurate simulation of B migra-

tion should consider all of them at once. In order to achieve a

suitable knowledge of the above phenomena, well-designed

experiments are needed in which each feature is properly

described, disentangling the interaction with other ones. This is

just what we want to review here, presenting experimental

works aimed at facing in details some aspects of B diffusion

and at giving out a model epitomizing each phenomenon.

Recently, a large scientific attention to the B diffusion

and activation mechanism in crystalline Ge has also taken

place, motivated by the renewed industrial interest due to the

low-field carrier mobility higher in Ge than in Si lattice.

Moreover, the large compatibility of Ge with the existing Si-

based technology has opened the route for the realization of

advanced microelectronic devices using Ge. But, even if Ge

has been the first semiconductor used in microelectronics, a

huge gap still exists between Si and Ge concerning the

detailed knowledge and the relative simulation of several

phenomena, as dopant diffusion and activation, equilibrium

point defects density and diffusion, surface and interface

effects, and so on. Actually, in the microelectronic industry,

Ge was replaced by Si in the ‘60 s, and then very few studies

have been conducted up to the last decade, when a restored

scientific attention focused on many aspects related to its

possible application.16 In particular, quite soon, it has

become clear that the B diffusivity in Ge was extremely

low,17 up to 5 orders of magnitude lower than in Si at homol-

ogous temperatures,18 and that a very high electrical activa-

tion level can be obtained, well higher than in Si.19 Because

of this, B can be regarded as a good choice as a p-type dop-

ant, since it should ensure both precise dopant confinement

and high electrical activation. In addition, the low diffusivity

of B in Ge raised a significant scientific interest since it is

related to the density of intrinsic point defects in Ge and it

discloses fascinating similarities with Si in the microscopic

migration mechanism.

The present work is divided into three sections, handling

the B diffusion process in different matrices. Section II is

devoted to the migration mechanism of B into amorphous Si,

with a microscopic model enlightening the interplay between

B and dangling bonds of the amorphous phase, and the

energy barriers involved in the diffusion process. Section III

deals with B migration in crystalline Si, studying the atomis-

tic pathways and the energetic of B diffusion under extrinsic

conditions, together with the investigation of non-equilibrium

formation and dissolution of B clusters. Section IV presents

the diffusion mechanism of B in crystalline Ge, in equilib-

rium and non-equilibrium conditions, evidencing the key role

of Ge self-interstitial defects in the B migration process.

Finally, in Sec. V, the conclusions are reported with some

open points for future investigations.

II. B DIFFUSION IN a-SI: THE MEDIATION OF
DANGLING BONDS

A. Defects and diffusion in amorphous Si

Amorphous Si (a-Si) can be prepared with a variety of

different techniques, such as vacuum deposition, chemical

vapor deposition, laser induced quenching, or amorphization

by ion-implantation of c-Si. The structural properties of a-Si,

as well as the diffusion of impurities, greatly depend on the

synthesis technique. Typically, ion implantation is the pre-

ferred methodology to realize a-Si as much similar as possi-

ble to the ideal continuous random network of covalently

bonded atoms, and, in the following, we will refer to this

kind of material, which is the most relevant for microelec-

tronics applications.

In the amorphous phase of non-hydrogenated silicon,

the structure of atomic bonding is characterized by a local

four-fold coordination with a distortion of the diamond lat-

tice beyond two interatomic distances. The lack of the long-

range order (distinctive of the crystalline state) is caused by

a quite broad distribution of the Si-Si bong angle (diverging

up to 12� from the crystalline value of 109.47�), which leads

in the a-Si structure to five- and seven-membered atoms

rings in addition to the six-membered atoms rings typical of

the diamond lattice.20,21 The large distribution in the bond

angle is due, on one hand, to the distortion of the four-fold

coordinated Si atoms from the lattice position and, on the

other hand, to the presence of a great amount of coordination

defects of a-Si, namely the dangling bond (db, a three-fold

coordinated Si atom) and the floating bond (fb, a five-fold

coordinated Si atom).22–25
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Both the coordination defects and the bond angle distor-

tion depend on the process history of a-Si, since it was

widely shown that as-implanted a-Si, if annealed, undergoes

a structural relaxation, with a heat release measured by dif-

ferential scanning calorimetry at temperatures below the

onset of crystallization.26 In the mid nineties, after investiga-

tion through Raman spectroscopy, x-ray techniques, and

photocarrier lifetime measurements, the origin of this relaxa-

tion was attributed to the recombination of the coordination

defects, decreasing from �0.5% to 0.05%, and to the reduc-

tion of the bond angle distortion, from 12� to 9�.20,27 Such a

process was shown to be reversible, even if with an hystere-

sis loop, since ion implantation (leading to a damage level

larger than �0.1 displacements per atom) performed on

relaxed a-Si reproduces the same strain status as in the as-

implanted a-Si.20,27 High resolution investigation of the

radial distribution function of a-Si also showed that the coor-

dination number in the first neighbor atomic shell increases

from 3.79 to 3.88 going from the as-implanted to the relaxed

state, compatible with the removal of coordination defects

during the structural relaxation.28 This undercoordination in

a-Si with respect to four-fold coordinated c-Si was further-

more related to the slightly lower atomic density in a-Si

(about 2%) than in c-Si.28

The structural relaxation and the defects of a-Si affect

the impurity diffusion, as demonstrated by the diffusion

investigation on transition metals in a-Si.29–31 In the relaxed

state of a-Si, the diffusivity of metals such as Cu and Pd was

found to be 2-5 times higher than in the as-implanted a-Si,

where the larger defect density induces temporary trapping

phenomena, hampering the migration ability.30,31 Con-

versely, theoretical calculations recently showed that the Si

self-diffusion in a-Si is enhanced in presence of a high per-

centage of coordination defects, pointing out that self-

diffusion can be assisted by db or fb.32 Similarly, B diffusion

in a-Si was measured to be larger in the as implanted state

than in the relaxed one,10,11,33 showing peculiar features,

such as a transient behavior and a dopant concentration de-

pendence, which will be described in the next paragraph.

The coordination defects of a-Si can enhance or retard

the diffusion of impurities or the self-diffusion itself, since

they have a central role in the microscopic mechanism of

migration. On the other hand, it was shown that the presence

of dopants in the structure of a-Si can modify the bonding

arrangements.34–38 By means of x-ray absorption fine struc-

ture, photothermal deflection spectroscopy, and electronic

transport measurements, Muller et al. found that in thermally

relaxed a-Si, substitutional dopants (as B, P, As, and Ga)

have a strong tendency to enter the Si random network in the

form of three-fold coordinated atoms, rather than in the dop-

ant four-fold coordinated site. Moreover, the interconversion

towards four-fold coordinated dopant sites should have a

large kinetic barrier due to the breaking and rearrangements

of a relatively large number of covalent bonds in the vicinity

of the dopant atom.37 Thus, while in c-Si, the ground state

for substitutional dopants is the four-fold coordinated site

(which is electrically active), in a-Si dopants show the natu-

ral, three-fold coordinated, bonding arrangement. Such a

change in the coordination number of dopant impurities can

have significant effects on the coordination defects of a-Si,

especially when the dopant concentration is quite high, as we

will see in the following paragraphs regarding B diffusion.

B. Main features of B migration

One of the first evidence of B diffusion in a-Si was given

by Jacques et al. in ultra-low energy (0.5 keV) B implanted

preamorphized Si enriched with fluorine and annealed at

550 �C,39 showing the formation of a large shoulder in the B

profile at the concentration range of 5� 1018–1� 1020 B/

cm3. Later on, the role of fluorine was ruled out by Ray Duffy

et al., evidencing how during low temperature annealing

(500-600 �C) B diffusion occurs also in F-free a-Si up to very

high B concentrations (2 � 1020 at./cm3), at least two orders

of magnitude higher than the mobile boron concentration in

c-Si at the same temperatures (Fig. 2).33 The immobile por-

tion of the B profile (above 2 � 1020 B/cm3) was attributed to

B clustering in a-Si. Actually, the formation of B-B pairs dur-

ing the very early stages of annealing at 550 �C, while B is

still in the amorphous phase of Si, has been evidenced by

x-ray absorption near-edge spectroscopy measurements of

pþ/n ultrashallow junctions realized by solid-phase epitaxy.13

The clustered B, formed in a-Si, is then transferred to the c-Si

once the SPER is complete, being responsible for the B de-

activation measured in the final device.

It should be noted that the B diffused profile (Fig. 2)

shows a concentration gradient essentially unaffected with

respect to the starting profile, revealing a diffusion mecha-

nism not obeying the Fick’s laws. Venezia et al. investigated

the diffusion of ultra-shallow implanted B in a-Si using a

SOI (silicon on insulator) substrate to suppress the SPER and

hence to enlarge the range of annealing temperatures and

times in the a phase.10 They evidenced that the B diffusivity

in a-Si is a transient phenomenon and it is enhanced at high

FIG. 2. Chemical profile of B as-implanted in a-Si (0.5 keV, 1 � 1015/cm2)

and after annealing at 500 �C for 40 min. Reprinted from R. Duffy et al.,
Appl. Phys. Lett. 84, 4283 (2004). Copyright 2004 American Institute of

Physics.
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B concentrations, deviating from the Fick’s laws and causing

a concentration gradient which is not reduced after diffusion.

Actually, the B diffusion in a-Si can be appreciated only

below the clustering threshold and in the region with the

highest concentration gradient for the B profile. For ultra-

low energy (0.5 keV) B implantation, this means above �5

� 1018 B/cm3, since below this concentration, the channeled

portion of the profile hides the phenomenon (Fig. 2). To

avoid this limit in the B diffusion investigation and to

expand the annealing process window, we joined the SOI

approach with the molecular beam epitaxy (MBE) growth of

a structure with very high gradients in the B concentration

profiles.11 As sketched in the inset of Fig. 3, upon a SOI sub-

strate, a 350 nm c-Si film was grown by MBE with two thin

B doped regions at concentrations below (�7 � 1019 B/cm3)

and above (�8 � 1020 B/cm3) the clustering threshold. The

whole structure was amorphized by Si� implantation and

thermally annealed in the 450-650 �C range for times shorter

than the onset of the amorphous-crystalline transition. In

such a way, the B diffusion phenomena were studied with

high accuracy and over a larger dynamic range in the con-

centration values than in ultra-shallow B implantation

experiments, also avoiding any dopant outdiffusion effect

through the surface.

Fig. 3 confirms the clustering threshold at �1-2 � 1020

B/cm3, evidenced by the kink in the high B box, and shows

that the B diffusion in a-Si is much larger than in c-Si, for

which the diffusion length after similar thermal budgets

would be negligible.40 In addition, Fig. 3 presents the un-

usual diffusion process, which does not lead to the expected

long diffusion tails and to the reduction of the concentration

gradients, but gives “box-like” shapes with wide shoulders

and narrow tails. To explain this feature, a diffusion coeffi-

cient increasing with the B concentration (nB) has been

suggested.10 Still, by looking at Fig. 3, for a fixed B concen-

tration (e.g., nB ¼ 1 � 1019 B/cm3), one observes a different

broadening of the two B boxes, the larger for the higher B

concentration box. Such an evidence excludes an univocal

relation between DB and nB, suggesting that the migration

process depends on the global amount of B in the surround-

ing, rather than the local concentration.

An effective B diffusivity (Deff) can be hence estimated,

for the two boxes, as the difference between the variance

(r2) of the diffused B distribution with respect to the as-

amorphized case (r2
0), divided by twice the annealing time

(t): Deff ¼ (r2 � r2
0)/2 t. These values are reported in Fig. 4

for the high (squares) and low (circles) B boxes, for all the

annealing processes, together with the value at the same tem-

perature of DB in intrinsic c-Si multiplied by a factor of 105

(dotted horizontal line in Fig. 4); this points out the larger

migration ability of B in a-Si with respect to c-Si. Moreover,

Deff is systematically higher in the high B box and an evident

transient effect is observed in all the cases, with Deff decreas-

ing for both the boxes within a quite wide time scale. Such a

transient phenomenon might be related to the relaxation of

a-Si, assuming that the coordination defects mediate the B

diffusion. Still, at all temperatures, the observed diffusivity

transient is much longer (10 to 100 times) than the a-Si

relaxation times reported in literature.20

Given these experimental features for B diffusion in

a-Si, a simple formula for DB as a function of the concentra-

tion cannot account for the complex aspects of the phenom-

enon. In summary, the B migration in a-Si: (i) has a transient

character, which cannot be explained only with the well-

known relaxation of a-Si; (ii) has a non-trivial concentration

dependence, which determines a larger diffusivity, the

greater the global amount of B in the surroundings is. In

order to describe the B migration in a-Si, the interplay

between B atoms and coordination defects has to be revealed

and a precise modeling needs to be employed, as presented

in Sec. II C.

FIG. 3. Chemical profile of B in the as-amorphized sample (dotted line) and

after annealing at 500 �C, 8 h (circles) or 650 �C, 250 s (squares), with the

simulations following the best fit procedures (solid lines). Experimental

drawing in the inset. Reprinted with permission from S. Mirabella et al.,
Phys. Rev. Lett. 100, 155901 (2008). Copyright (2008) The American Physi-

cal Society.

FIG. 4. Transient effect in the effective B diffusivity measured in the high

(squares) and the low (circles) B boxes, with simulation curves (solid lines).

Dotted lines represent the B diffusivity in c-Si multiplied by a 105 factor, for

each annealing temperature.
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C. Defect assisted B diffusion

As observed above, the unusual concentration depend-

ence of DB seems to be related to the overall amount of

impurities, since larger B diffusivity was measured in the

high B box, for a fixed B concentration. To find out if there

is any effect of the high B concentration on the coordination

defects density in a-Si, Cu decoration technique was

employed since Cu atoms bind with unsaturated bonds as

those present in db or fb defects.41 In such a way, a Cu chem-

ical profile is somewhat proportional to the defect density.

We compared this Cu signal in an a-Si layer (350 nm thick)

undoped or B enriched (8 � 1020/cm3), both in the unrelaxed

and in the relaxed state (i.e., after annealing at 500 �C, 1 h).

After Cu implantation (15 keV and 1 � 1016/cm2), we

induced Cu diffusion and defect decoration by annealing the

samples at 200 �C for 1 h (such an annealing does not have a

significant effect on the relaxation status of a-Si20). Figure 5

presents the obtained Cu profiles, revealing that B enriched

a-Si layers are 2-3 times richer in defects than undoped mat-

rices, both in the unrelaxed and in the relaxed state. Such a

significant effect of B in steadily increasing the defect den-

sity in a-Si can be joined with what observed by Muller

et al.,37 according to which in thermally relaxed a-Si

impurities such as B are usually incorporated within 3-fold

coordination sites. In fact, it is very reasonable that a B

atom, 4-fold coordinated in c-Si, upon amorphization is

accommodated into a 3-fold coordinated site, breaking one

Si-B bond and generating an excess of db in the network.

Actually, Muller et al. proposed that in hydrogenated a-Si

these db excess is saturated by H,38 still in non-hydrogenated

a-Si, we can assume that such an excess in coordination

defects can be distributed into the network, greatly affecting

the diffusion of impurities.

In the following, such a db excess is exploited to model

the collected data by assuming that B migration in a-Si occurs

via an indirect mechanism. Boron jumps between adjacent

3-fold coordination sites through the temporary restoring of a

metastable 4-fold coordinated B, by the capture and release of

one db, as follows:

B3 þ db$ B4: (2.1)

The time evolution of the B profile has to be modeled in con-

junction with the time evolution of the db population, whose

density is transiently increased just after ion implantation or

permanently enhanced by the presence of boron atoms them-

selves. The B migration in a-Si has been hence satisfactorily

simulated (solid lines in Fig. 3) with the following rate

equations:

@nB

@t
¼ a

@2ðnB � ndÞ
@x2

; (2.2)

@nd

@t
¼ a

@2

@x2
ðnB � ndÞ þ Dd

@2nd

@x2
� 4 p aðDd þ Df Þnd � nf ;

(2.3)

@nf

@t
¼ Df

@2nf

@x2
� 4 p aðDd þ Df Þnd � nf ; (2.4)

where n and D are the concentration and diffusivity of the

subscript species (B for Boron, d for db, f for fb), respec-

tively. Equation (2.2) describes the time evolution of B con-

centration under the hypothesis that the mass flux of B is

proportional (by the constant a) to the encounter probability

of db and B. Then, Eq. (2.3) describes the time evolution of

db, considering three terms: (i) the B-db coupled diffusion

term, (ii) the Fick-like diffusion term, (iii) the annihilation

term (supposed occurring through a db–fb meeting), whose

capture radius (a) is assumed equal to the second nearest

neighborhood distance (0.385 nm) in Si lattice. Time evolu-

tion of fb density (Eq. (2.4)) comprises only the last two

terms. The concentration of B, db, and fb should be fixed at

some starting conditions. The starting value of nB (mobile B)

is given by the chemical profile below a threshold density

(nc) caused by the B clustering (assumed to be instantaneous

and time independent). The starting nd and nf profiles have a

common homogeneous component n0, representing the db
and fb density after amorphization. Then, nd has an addi-

tional contribute due to the B effect (as observed in Fig. 5)

that is proportional (by a coefficient c) to the starting, un-

clustered B concentration. The free, temperature dependent

parameters of the model are: nc, a, and Dd (reasonably fixed

equal to Df), while n0 and c, being relative to the initial

conditions of the a-Si matrix, are considered temperature in-

dependent and are simultaneously fitted for all the tempera-

tures. All the free parameters have been fixed by

satisfactorily fitting more than 20 profiles containing both

the B boxes (see Fig. 3 as an example). n0 resulted to be

about 1.8 at. %, in agreement to literature data.20,23,42 c
resulted to be 1.0 6 0.5, confirming that one excess db is

generated by one un-clustered B atom in amorphized Si. nc

was found to be temperature independent, with a value of

about 2.2 � 1020 B/cm3, again in full agreement with litera-

ture indications.10 Finally, the Arrhenius plots for the fit

results of the main physical parameters, a (circles, right ver-

tical axis) and Dd (squares, left vertical axis), are shown in

Fig. 6.

FIG. 5. Cu decoration technique for profiling the coordination defects in

undoped (circles) or 8� 1020 B/cm3 enriched (stars) a-Si. Cu was implanted

(dotted line, 15 keV, 1� 1016/cm2) in unrelaxed (closed symbols) and

relaxed (open symbols) samples, and Cu profiles have been measured after

diffusion annealing at 200 �C, 1 h. Cu concentration in undoped Si is lower

than in B enriched Si, regardless of the relax status.
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The proposed model is able to explain both the peculiar

concentration dependence and the transient behavior of B

diffusion in a-Si. The concentration dependent diffusion is

simulated considering that the higher the B density, the more

db are present, promoting a faster B diffusion. The excess of

db is higher in the higher doped regions, accounting for the

wider tail broadening in the high B box. On the other hand,

the transient diffusion is related to two distinct causes for db
density reduction. The first one is the db–fb annihilation

(whose rate is in agreement with literature data20), which

quickly reduces the B diffusivity in the early stages of

annealing. The second cause is the progressive reduction of

db density due to db diffusion itself. Both phenomena are

regulated by Dd, but have quite different time scales. The

non local diffusion effect is properly taken into account by

the fact that db diffusion is faster than the B-db coupled dif-

fusion, leading to a db profile larger than the B one. As a

consequence, tail broadening of B profile largely depends on

the local db density. As shown in Fig. 6, both db and B diffu-

sivities span over six orders of magnitude and each one is

well fitted by a single Arrhenius law. Both the diffusivities

show quite similar activation energies, indicating that the B

migration barrier is approximately fixed by the db diffusion

barrier.

Figure 7 draws the microscopic mechanism proposed

for B migration, through the interconversion between 3-fold

(immobile) and 4-fold (saddle point) coordinated configura-

tions, requiring the exchange of a db with the hosting matrix.

The energy barrier to B diffusion (the height of the saddle in

the figure) is fixed by the activation energy for db diffusion.

Recently, such a microscopic picture has been used by

Martin-Bragado and Zographos from the Synopsys Inc. to

generate a kinetic Monte Carlo (KMC) model for B diffusion

in a-Si.43 The above hypotheses have been employed within

the KMC model which, once calibrated, was successfully

applied to MBE grown B marker layers and also to ultra-

shallow B implanted into preamorphized Si, confirming that

the atomistic picture is able to simulate the B diffusion in

a-Si under different conditions. According to the results

reviewed here, B migration in a-Si is going to have a larger

and larger role, especially for future technologies employing

preamorphization steps and reduced thermal budgets.

III. B DIFFUSION IN c-Si: ATOMISTIC MECHANISM,
ENERGETICS AND CLUSTERING

A. Milestones on the B diffusion mechanism

The investigation of B diffusion in c-Si represents an

ideal case for impurity migration in a solid matrix, due to the

exceptional high purity and accuracy in the material synthe-

sis and analysis. There has been a great interest in this scien-

tific topic, an almost forty-year investigated case with

thousands of papers, also inspired by its application in the

continuous scaling down of microelectronic devices. In the

following, some of the most relevant findings will be

reviewed, evidencing how new concepts for B diffusion have

arisen and been developed over the time.

In 1975, Fair and coworkers proposed that the diffusion

of B in Si is controlled by donor-type monovacancies,

mainly basing this idea on the experimental evidence

(Fig. 8) that the B diffusivity increases with B concentration

under extrinsic doping conditions.44 Such a result, obtained

from ion-implanted B in Si in presence of an uniform doping

background, shows a nice linear dependence of DB versus

the p/ni ratio (ni being the intrinsic electron concentration

and p the hole density) over almost three orders of magni-

tude, regardless of the used dopant or the doping technique

(implantation, pre-deposition, or doped-oxide source). Since

the concentration of singly charged vacancy Vþ is propor-

tional to the p-type dopant concentration, the BS�þVþ !
Bm interaction could actually account for the extrinsic effect

in the B diffusion (being B�S a substitutional B ion, and Bm a

mobile B).

At the same time, a role for self-interstitials in the B dif-

fusion was first pointed-out by Hu, showing the close rela-

tionship between two phenomena occurring during the

thermal oxidation of Si: the formation of stacking faults and

the enhanced diffusion of B.45 Thus, B is assumed to diffuse

through a dual mechanism, with a dominant interstitialcy

FIG. 6. Arrhenius plot for the diffusivities of dangling bond (Dd, left axis)

and of B per unit of dangling bond density (a, right axis), with the relative

fits (dotted lines) and equations. Reprinted with permission from S. Mira-

bella et al., Phys. Rev. Lett. 100, 155901 (2008). Copyright (2008) The

American Physical Society.

FIG. 7. Schematic representation of the atomistic mechanism of B diffusion

in amorphous Si. An immobile, 3-fold coordinated, B atom jumps to an adja-

cent site through the exchange of a dangling bond (db) and the temporary

restoring of a metastable, 4-fold coordinated configuration.
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component.45 Following this assumption, the concept of

fractional interstitialcy mechanism (fI) was introduced as

the fraction of diffusivity, which can be ascribed to an

I-mediated mechanism.46 Since 1982, numerous experimen-

tal determinations of the fI fraction for B were given by sev-

eral authors40,46–51 through accurate selective modification

of the native-point defects concentration (via surface oxida-

tion for enhancing I density or nitridation for suppressing it)

and measurement of the related B diffusivity. The very large

value measured for fI brought to the well-assessed conclusion

that B diffusion in c-Si is exclusively mediated by self-

interstitials, excluding any role for vacancies. Such a conclu-

sion was also supported by the calculations of Nichols and

coworkers,52 which stated that the exchange mechanism

should have a minor role for B diffusion.

The possible mechanisms for I-mediated B diffusion are

the kick-out and the interstitialcy reactions, where the inter-

action between a substitutional B and a self-interstitial leads

to a mobile species formed by an interstitial B or a BI cou-

ple, respectively,

BS þ I ! ðBiÞmobileðkick� outÞ; (3.1)

BS þ I ! ðBIÞmobileðinterstitialcyÞ: (3.2)

From an experimental point of view, it is hard to distinguish

between them, since no difference are caused in the diffused

profile. Still, some early theoretical investigations of the

energetics of B diffusion revealed that the preferred migra-

tion pathway is the kick-out process, so that the diffusing

species is the interstitial impurity atom.52,53 More recently,

advanced calculations gave a new vision of the B diffusion

mechanism, showing that the intermediate mobile species is

not the interstitial B but the BI pair.2,3,54 Later on, using an

atomistic kinetic Monte Carlo method joined with a contin-

uum approach, Martin-Bragado et al. found that among all

the charge states of mobile boron (either as interstitial boron

or as BI pair), the positively charged one has the lowest for-

mation energy, still the migrating species is found to be the

neutral one, thus some interconversion between different

charge states should occur for the diffusion process.55

Once more, the calculation of energetics and molecular

dynamics simulations gave a valuable insight into the micro-

scopic mechanism of B diffusion, especially for the possible

charge states and the Fermi level effect, while the verifica-

tion of these hypotheses require well prepared and accurate

experiments.

Basing on the interstitial mediated process for B in Si,

Nick Cowern and co-workers gave the first experimental evi-

dence that impurity diffusion can proceed through an inter-

mediate temporary species formed after the interaction with

native-point defects. They investigated the migration of B in

Si through chemical profiling of a narrow MBE-grown B

profile and appropriate modeling based on the interstitial

mediated process.1,56 Within this model, substitutional

(immobile) B can be converted (with a frequency rate, g)

into a migrating species after a proper interaction with I.
Hence, B diffusion occurs thanks to the formation of mobile

B, and goes on up to its recombination into substitutional

form. Thus, the B diffusivity is given by D ¼ gk2, where k is

the mean projected path length for mobile B between its for-

mation and recombination.

The main visible feature of this mechanism is that if k is

long enough and if the mean number of B diffusion events

per each B atom is lower than or about one, the diffused pro-

file of a starting delta doping strongly deviates from the

expected Gaussian shape, revealing long exponential tails as

the results of the long migration length. Such a deviation

from the Fick’s law is expected, since the flux of migrating

species is not purely determined by the local gradient in the

substitutional impurity concentration. Fig. 9 reveals the dif-

ference between B diffusion at 900 �C in inert ambient or at

625 �C in oxidizing ambient (which increases the I density),

with a Gaussian shape or exponential tails, respectively. At

the lower temperature, the number of diffusion events

FIG. 8. Diffusivity of Boron and Gallium in silicon as a function of the nor-

malized hole concentration. The linear trend over almost three orders of

magnitude indicates that the mobile BI pair is in the neutral charge state.

Reprinted with permission from R. B. Fair and P. N. Pappas, J. Electrochem.

Soc. 122, 1241 (1975). Copyright 1975 The Electrochemical Society.

FIG. 9. Diffusion of a B delta (grown by molecular beam epitaxy) annealed

at 900 �C for 5 min in N2 ambient (left panel) or at 625 �C for 110 h in dry

O2 ambient (right panel). The different shapes of the diffused profiles were

simulated (continuous lines) with the interstitial mediated diffusion model.

Reprinted with permission from N. E. B. Cowern et al., Phys. Rev. Lett. 67,

212 (1991). Copyright (1991) The American Physical Society.
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experienced by each B atom (gt, where t is the diffusion

time) was calculated to be 0.4 and the migration length is

10 nm (causing the long tails), while at 900 �C, gt is larger

than 3 and k is lower than 5 nm. Definitively, the Gaussian

limit is approached only if each B atom experiences more

than one diffusion event and, thus, in these conditions, the

Fick’s law properly describes the B migration. In the case of

low gt values, the microscopic mechanism of B diffusion

through the intermediate species formation comes into sight

and a proper simulation code based on the migration rate (g)

is needed. In this way, the value of g and k have been deter-

mined showing that an oxidizing ambient enhances only the

formation rate of mobile B, while the migration length is

unaffected. This fact evidences that the interstitial density

enhancement due to oxidation helps the B migration rate,

while the inverse reaction, independent of the interstitial

density, decreases with temperature because of the energy

barrier to the conversion of mobile B into substitutional B.56

Given the crucial role of Is in B diffusion, any variation

of the density of these point-defects (PDs) can heavily affect

the B migration. In fact, beyond the surface oxidation, a fur-

ther and more efficient way to increase the I density is the

ion implantation followed by thermal annealing, which pro-

duces an Is excess roughly equal to the implanted ion dose

(“plus one model”57–59). The Is excess increases the B diffu-

sivity, as shown since 1973 with an enhanced diffusion of B

atoms implanted in Si.60,61 Such a non-equilibrium phenom-

enon revealed a transitory feature, lasting for about 45 min at

800 �C and some seconds at 1000 �C,62 deserving the name

of transient enhanced diffusion (TED). The cause of this

effect was discovered in mid nineties63,64 and clearly attrib-

uted to the simultaneous thermal dissolution of {311} defects

(extended rod-like I clusters displaced on {311} habit

planes) formed as a consequence of the coalescence of the

implant damage. The TED of boron has been very largely

investigated, and many features were reported in excellent

review papers as Refs. 4 and 65, so here no further details

will be given about it. A further, non negligible effect of a

large I supersaturation is the formation of B-I clusters

(BICs), which trap diffusing B atoms and host its electrical

activation. These aspects will be separately treated in the

Sec. III D, while here the B diffusion without clustering will

be reported.

B. Atomistic pathways of B diffusion

In order to discriminate between the different reaction

paths and charge states involved in B diffusion in Si, we

investigated the atomistic parameters (g and k) of B diffusion

in Si as a function of the hole concentration.66 First, boron

profiling with secondary ion mass spectrometry (SIMS) has

been developed with high accuracy and sensitivity. The

improvement of the technique consisted in cooling the sam-

ples at �70 �C, in order to suppress the long-range anoma-

lous diffusion of B occurring at room temperature during the

analysis and thus distorting the profiles,67 and in flooding the

samples with oxygen during the analysis, for enhancing

the measurement sensitivity by a factor of 20.68 The use of

the above measurement protocol and a diffusion simulation

code based on Cowern’s rate equations1,56 allowed us to

determine, with utmost accuracy and sensitivity, the micro-

scopic diffusion parameters of a sharp 11B spike embedded

in different 10B, P, and As backgrounds.

The different migration features of B in c-Si when mov-

ing the Fermi level position can be appreciated in Fig. 10,

where we compare two diffusion processes performed at

700 �C on the same 11B delta but embedded in a n-type or

p-type background doping. Different annealing times were

used to achieve a comparable overall diffusion (1 or 7.5 h for

the p or n-type case, respectively), evidencing a much higher

diffusivity in the case of p-type doping background, as

expected, and a substantial divergence in the shapes of the

two diffused profiles. If we look at the top portion of the dif-

fused profiles, the p-type case presents the highest shape,

while as far as the tail parts are concerned, the same sample

shows unexpectedly the larger profile (evidencing a larger

mean diffusion length, k, as extracted by the best-fit proce-

dure). Typically, the diffusion broadening proceeds via a

concomitant lowering of the top profile and widening of the

tails. Still, here the experimental data show that the two dif-

fusion processes occur with quite different migration lengths,

the longer in the p-type doping case. The lines are the best

fits to the diffused data obtained by numerically “‘diffusing’”

the profile according to the equations of Refs. 1 and 56. To

get more insight on the microscopic mechanism of B atomic

transport, we repeated the same analysis with isothermal

annealing after moving the Fermi level position by doping

and thus varying the free carrier concentration by almost

four orders of magnitude (going from heavily p-type to heav-

ily n-type doping background).

The diffusion parameters D, g, and k (extracted by

the best-fit procedure) have been reported synoptically in

Fig. 11, as a function of the hole concentration normalized

to the intrinsic carrier concentration (p/ni, ni equal to 0.92

� 1018 /cm3 at 700 �C,40 p is calculated starting from the

background doping concentration according to Boltzmann

statistics and considering a full ionization of the dopants).

FIG. 10. Chemical profile (symbols) of 11B spike before (squares) and after

diffusion annealing at 700 �C for the samples with different doping back-

grounds (triangles for 10B doping or circles for 31P doping). The continuous

lines are the best fits to the data.
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The diffusivity [Fig. 11(a)] in the case of intrinsic or p-type

doping shows a linear increase with the hole concentration

[well fitted by the relation: D ¼ D0(p/ni)]. Such a trend is

univocally connected to the charge state of the mobile BI
complex, since it says that the whole diffusion process pro-

ceeds by the net exchange of a single positive charge (whose

density increases linearly with p/ni). In the case of n-type

doping, the diffusivity is strongly suppressed as a result of

the Coulomb attraction between the B and n-type dopants

leading to a pairing effect.69 Such pairing is stronger in the

case of P doping than for As doping, reducing the diffusivity

to larger extent in the former case.

The g and k trends (panels (b) and (c) in Fig. 11, respec-

tively) explain into much deeper details the microscopic

migration paths involved at different Fermi level positions.

In the case of intrinsic or p-type doping, the g trend as a

function of the hole density shows a constant component to-

gether with a quadratic one, as follows:

g ¼ gI0 þ gIþþðp=niÞ2: (3.3)

This can be thought as if the B-I interaction, leading to B dif-

fusion, is driven by neutral I0 or by doubly positive Iþþ,

since the density of I0 and Iþþ have a constant and a quad-

ratic trend with p/ni, respectively.40 As a consequence, in the

intrinsic case, a BI complex in negatively charged state is

produced, while in p-type doping, a single positively charged

BI pair is given, as follows:

ðintrinsicÞBS
� þ I0 ! BI�; (3.4)

ðp-dopingÞBS
� þ Iþþ ! BIþ: (3.5)

Nevertheless, the diffusing species is BI0, thus both the

above charged BI complexes should undergo an interconver-

sion by changing their charge state through a free carrier

exchange.

The k trend clarifies this point, since it represents the

mean free path of the diffusing species. The bell shape traced

by k as a function of p/ni is the consequence of the charge

exchange needed to transform BI� and BIþ species into the

mobile BI0 form. When p/ni is lower than 4, BI� is produced

in essence, and it has to get a hole to move, so BI mean free

path increases by increasing the hole availability (i.e., by

increasing p/ni). On the contrary, when p/ni is larger than 4,

BIþ is produced, and it has to lose a hole to move. This is

less probable to occur the higher is p, thus reducing its free

mean path (k).

As far as the pairing is concerned, the k trend evidences

no difference between P or As doping, while g is reduced in

different ways for the case of P or As n-type doping. The

trend of g in the case of n-type doping reveals that the forma-

tion of the mobile B species is less favored in the case of P

doping with respect to the As doping. Data modeling allowed

to estimate the Coulomb pairing energies to be 0.7 or 0.5 eV

for the B-P or the B-As pair.14 This pairing lowers the energy

of substitutional B and then increases the energy barrier to

the formation of the mobile B species. The ion pairing is not

expected to influence the migration length of mobile B (as

the B-P or the B-As mean distance is well larger than the

measured k values). This fact is confirmed by data, showing

no difference in k trend between P and As doping. On the

other hand, the migration length should go to zero when p/ni

is reduced, since no holes are available to induce the BI�!
BI0 reaction. This is not the case (Fig. 11, panel (c)). This

can be explained considering a small contribution to the B

diffusion has to come from the BI� complex, which appears

to be the only mobile species under n-type doping.

The full reactions leading to the B diffusion in the intrin-

sic and in the p-type or n-type doping are reported in the top

portion of Figure 11. It has been consolidated that the main

diffusing species is the BI0 complex, while a small contribu-

tion of the BI� complex is visible only under n-type doping

where BI0 production is strongly depleted. Preferential inter-

actions of B�S with I0 or with Iþþ have been evidenced in

intrinsic conditions or high hole densities, respectively, fol-

lowed by charge exchange towards the formation of the

diffusing BI0 complex, while for n-type doping B�S and I0

FIG. 11. Diffusivity (a), migration rate (b), and mean diffusion length (c) as

a function of p/ni (hole concentration normalized to the intrinsic carrier con-

centration at 700 �C, equal to 0.92 � 1018/cm3 (Ref. 40)). Symbols are

referred to experimental data (squares to B doping, circles to P doping and

stars to As doping) while lines are simulation based on the models in Ref. 14

considering or not the B pairing with As or P (a) and (b), and the B mobile

species as the BI0 complex with or without the BI�complex (c). Above the

graph, the varying doping condition together with the main reaction leading

to the diffusion have been indicated.
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form the BI� complex responsible for the diffusion. In the

last case, the formation of the mobile B species is depressed

by the pairing of B with n-dopants, which increases the

energy barrier to the reaction with the self-interstitial.

The above scenario detailing the diffusion paths of B

when moving the Fermi-level position was largely confirmed

by an independent experimental approach performed by

Bracht and co-workers in 2007.70 Through the experimental

investigation and simulation of simultaneous diffusion of

dopants and self-atoms in the p-type or n-type doping condi-

tions, it was demonstrated that diffused B profiles are mainly

sensitive to model parameters such as the diffusivities of I0,

Iþ, Iþþ, and Bi0, indicating that the neutral and positively

charged Is contribute to B diffusion and that some charge

exchanges occur since the migrating species is assumed to

be the neutral Bi
0. They also showed that under high B dop-

ing levels, B diffusion is mainly mediated by Iþþ, confirm-

ing our picture for high hole density. Moreover, from data in

Ref. 70, it can be calculated that the Iþ contribution to g is

always less than 10% at all experimental temperatures in

intrinsic and p-type doping conditions, confirming that the

dominant channels are through I0 and Iþþ interactions. It

should be noted that, by studying the simultaneous B and

self-diffusion, Bracht and co-workers also found some

preliminary indications that B diffusion could occur through

a kick-out reaction rather than an interstitialcy mechanism,

which would have caused a non-observed contribution of BI
pairs to the self-diffusion. However, further calculations of

the correlation factors of self-diffusion via the BI pairs are

required to clarify this point.70

The two independent experimental investigations of the

B migration have been compared by Windl in 2008, looking

for a common description of the diffusion phenomenon. Af-

ter deriving the activation energies for B diffusivity, genera-

tion rate and mean free path from the experimental data and

mapping them versus the Fermi-level representation (com-

monly used to display ab-initio results), Windl showed that

the experimental results are consistent with each other and

with their theoretical values.71 A strong role of I0 and Iþþ in

B diffusion was confirmed, while a low theoretical value for

the activation energy of Iþ has been postulated. One could

assume that at temperatures at which diffusion really occurs,

both energetic and entropic factors affect the phenomena and

thus a very low entropic prefactor for Iþ could justify the ex-

perimental evidence that the B diffusion is essentially domi-

nated by I0 and Iþþ.14

Thus, once fixed the diffusion pathways through the

interaction of substitutional B with neutral or doubly posi-

tively charged self-interstitials, a quantitative investigation

of the atomistic parameters at different temperatures is

needed to measure all the energy barriers to B diffusion.

C. Energetics of B diffusion

The same experimental approach of a sharp 11B spike

embedded in different doping backgrounds was used to

determine the diffusion parameters (D, g, and k) in the tem-

perature range between 610 and 810 �C.14 Figure 12 in the

upper panel shows the diffusivity data divided by the p/ni

values for a sharp 11B spike under intrinsic conditions (with-

out a doping background, closed squares) and with a constant

background doping (2.8 � 1019 B/cm3, open circles). Basing

on the relation D ¼ D0(p/ni), the reported data represent the

temperature trend of the diffusion component through the

neutral BI0 species, regardless if the BI0 complex comes

from intrinsic or p-type doping conditions. As can be noted,

all the data fall to a good approximation on a single Arrhe-

nius plot with an activation energy and a prefactor of 3.45

6 0.25 eV and (2þ40
�1:9) cm2/s, respectively. These results are

in good agreement with the data found in literature for B dif-

fusion under intrinsic conditions also at higher tempera-

tures.70 On this basis, it can be very reasonably stated that a

single dominating diffusing process acts from 610 to

1100 �C demonstrating that the BI0 diffusing species domi-

nates the diffusion in a very large range of temperatures for

intrinsic materials. The activation energy of 3.45 eV repre-

sents the energy barrier to the overall diffusion process under

intrinsic conditions, which is essentially the energy cost paid

by a B atom to change its status from the substitutional posi-

tion (BS
-) into the migrating species (BI0). Actually, we dem-

onstrated that this occurs through different pathways

involving I0 and Iþþ, so a further analysis is needed to

FIG. 12. Arrhenius plot of (a) diffusivity divided by p/ni (hole concentration

normalized to the intrinsic carrier concentration) and of (b) migration fre-

quency divided by the diffusivity, as extracted from diffusion of a 11B spike

in intrinsic (closed squares) or p-type doped (open circles) conditions. Upper

panel shows the energy barrier to the diffusion of the mobile BI0 species.

Lower panel represents the energy barriers to the formation of the BI� or

BIþ complex (in the two diffusion channels), with respect to the energy level

of the diffusing BI0 complex.
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determine the energetics for the formation of the BI�or the

BIþ complex, according to the reactions in Eqs. (3.4) and

(3.5).

Figure 12 (lower panel) shows the temperature trends

for the formation rates of the BI� complex (gI0/DBI0, closed

squares) or the BIþ complex (gIþþ/DBI0, open circles) di-

vided by the BI0 diffusivity. These two quantities are related

to the measured values of lambda in intrinsic and p-type dop-

ing conditions, as detailed in Ref. 14, and represent the

energy barriers to the formation of the BI� or BIþ complex,

with respect to the energy level of the diffusing BI0 complex.

Good Arrhenius trends are obtained for both the two cases

and fitted with activation energies of (0.65 6 0.10) eV or

(0.99 6 0.04) eV for the case of intrinsic or p-type condi-

tions, respectively. This points out that the formation of the

BI�or the BIþ complexes, needed to get the BI0 mobile spe-

cies, requires an extra energy with respect to the formation

of the BI0 mobile species, introducing a higher saddle point

in the conversion process from the substitutional to the mo-

bile B species, as it will be clarified in the following.

To get an overall vision of the B diffusion energetics, in

Fig. 13 an energy scheme is reported. The basic diffusion

process occurs with an energy cost (3.45 eV) that is the dif-

ference between the energy of the saddle point of diffusion

of the BI0 species and the energy of the substitutional B

atom. Such an activation energy is deduced by considering

the temperature dependence of the diffusion coefficient. Two

possible diffusion species are BI0 or BI� pairs, the last one

(not shown) being appreciable only under n-type conditions

and responsible for less than 10% of diffusion in intrinsic

condition.

When the temperature dependence of the formation rate

is considered, a more detailed view appears, evidencing the

two diffusion channels through the interaction with I0 and

Iþþ (as noted in Fig. 12) and their relative energy barriers. In

intrinsic conditions, the I0 path is much more convenient but,

by moving toward p-doping conditions, Iþþ formation

becomes favored as its energy cost reduces. The energy

barriers to the formation of BI� and BIþ complexes starting

from the substitutional B atom are 4.1 and 4.4 eV, respec-

tively, as it can be derived from the 3.45 eV barrier plus the

activation energies derived from Fig. 12. Finally, the intro-

duction of n-type dopants lowers the starting energy level of

substitutional B through the formation of pairs, which force

a fraction of B atoms to have a much higher-energy cost for

diffusion.

By summarizing the reported model for B diffusion, sev-

eral physical processes are involved to quantitatively

describe the atomistic mechanism of B diffusion in crystal-

line silicon: (i) the migration of B atoms starts after interac-

tion of substitutional B with I0 or Iþþ, leading to BI� or BIþ

complexes; (ii) in intrinsic and p-type doping regime, the dif-

fusing complex is a neutral BI0 pair, involving a charge

exchange mechanism; (iii) an alternative pathway for diffu-

sion is constituted by a negatively charged BI� complex that

becomes significant only in the n-type doping regime; (iv)

BI diffusion and Coulomb pairing effects of B with n-type

dopants are disentangled and quantified. The presented

model well accounts for the B diffusion process in absence

of B trapping or precipitation. Actually, for a more compre-

hensive picture of the B diffusion process, further phenom-

ena should be considered, among which the temporary

immobilization of B atoms because of non-equilibrium pre-

cipitation into BIC, as treated in Sec. III D.

D. B-I clusters formation and dissolution

The evidence of B precipitation well below the equilib-

rium solid solubility in crystalline Si was given almost 40

years ago together with the early TED studies of B implanted

in Si.60–62,72 In the following, a concise selection of the

numerous papers dedicated to this phenomenon will be pre-

sented, with the aim to elucidate the main issues which could

affect the B diffusion.

Thermal annealing after B implantation (see Fig. 14)

typically leads to a peak portion of the B profile, which is

electrically inactive and immobile, and a lower part of the

profile undergoing TED, with a concentration threshold

about one order of magnitude below the B solid solubil-

ity.72,73 Quite soon, it was proposed that the process respon-

sible for the non equilibrium B precipitation through

boron-interstitial clusters (BICs) formation was the same re-

sponsible for the TED effect, i.e., the I supersaturation.73

Further confirmation of this came with the evidence that B

clustering effectively contributes to lower the I supersatura-

tion following ion implantation.74 In addition, a proper sub-

stitutional B concentration was demonstrated to suppress the

typical {311} defects, by a competitive BIC formation.75

The phenomenon of B-I clustering has a clear negative

drawback as far as the dopant activation is concerned, but in

addition, it has a weighty effect on the B diffusion process

and on its simulation. In fact, B-I clustering affects the

migration events not only because diffusing B atoms are

trapped and later on de-trapped once BICs dissolve but also

for the reason that the Si self-interstitial density is modified

during BIC formation and dissolution, by Is hold and release

processes from BICs. It was widely demonstrated that BICs

FIG. 13. Energetics of B diffusion process in crystalline Si. Substitutional B

(B�S ) can give mobile BI pair by interaction with I0 or Iþþ with energy bar-

riers of 4.1 and 4.4 eV, respectively. The BI species moves through negative

BI� (only in n-type conditions, not shown here) or neutral BI0 saddle points.

This last is the main mechanism with a 3.45 eV total activation energy. The

pairing of substitutional B with As or P n-dopant is also indicated, causing a

strong increase in the diffusion energy cost.
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behave as a sink for Is, at the early annealing times, and as a

moderate I source for longer times.76–78 In this sense, the

knowledge of the BICs features is essential to develop a

complete simulation model of the B diffusion in Si.

Experimental investigations performed on MBE grown

B multideltas (Fig. 15), implanted with Si ions, allowed to

develop an atomistic simulation for B-I clustering and diffu-

sion, disentangling the B doping from the implantation dam-

age.79,80 In the upper panel of Fig. 15, the chemical profiles

of B delta doped layers are plotted before and after implanta-

tion and annealing, evidencing both the diffusion and the

clustering caused by implantation. In the lower panel, the

simulations of the Si interstitials distribution and the mobile

and immobile fractions of B profiles are reported. Basing on

these results, it was argued that BICs: (i) form only in the

region of high B concentration and high I supersaturation

during implantation (as calculated from the MARLOWE

code79), (ii) nucleate starting from an immobile precursor

(BI2) during implantation or at the very early stages of

annealing, (iii) are of small size, with less than six atoms (so

well below the transmission electron microscopy (TEM)

detection limit), (iv) their thermal evolution proceeds via the

emission of self-interstitials first and then B interstitials, up

to the cluster dissolution.80

Several studies approached the phenomenon of B-I clus-

tering in crystalline Si from a theoretical point of view, cal-

culating the formation energy and structure of each plausible

B-I cluster, the energetically favored B:Si stoichiometry, the

possible pathways for BIC growth and dissolution and the

interactions with I-type defects.81–89 Most calculations pro-

vide such properties for small sized BICs (typically less than

10 atoms) and for a fixed structure or composition, while it

cannot be excluded that an ensemble of different BICs size

occurs in facts. Here, a major focus will be given on the ex-

perimental results on BIC sizes and dissolution barriers,

which can be implemented for a viable simulation of the B

diffusion process.

Given the very small size of BICs, TEM studies were

lacking for a long time up to a few years ago, when first stud-

ies observed BICs as large as a few nanometers.90,91 Weak-

beam-dark-field (WBDF) analyses performed on high-dose,

0.5 keV B implanted crystalline Si, after a low-temperature

annealing, evidenced the formation of large BICs (with hun-

dreds of atoms) within the damage region.90 Later on, large

BICs have been observed also out of the implant damage

region, by employing an MBE grown sample (containing a

buried, highly doped B profile) subjected to shallow Si im-

plantation (Fig. 16).91 In this last case, the immobile B peak

deduced from chemical profiling was found to overlap with

the band of BICs observed by TEM (two dimensional

FIG. 14. Chemical (SIMS) and electrical (spreading resistance profiling,

SRP) profiles of 25 keV, 2 � 1014 B/cm2 implanted in crystalline Si and

annealed at 800 �C for different times. The B profile is composed of an

immobile, non-active part, and a diffusing part, with a concentration thresh-

old at �3 � 1018 B/cm3. Reprinted from N. E. B. Cowern et al., J. Appl.

Phys. 66, 6191 (1990). Copyright 1990 American Institute of Physics.

FIG. 15. Chemical profiles of a B multidelta structure grown by MBE and

implanted with Si ions in the shallower region. (Upper panel) Thermal

annealing at 790 �C induces the B TED in all the spikes, while the BIC for-

mation causing the immobile peaks occurs only in the shallower region.

Lower panel reports the simulation of the Is distribution after implantation

and the de-convolution of the B profiles in mobile and immobile fractions.

Reprinted from L. Pelaz et al., Appl. Phys. Lett. 70, 2285 (1997). Copyright

1997 American Institute of Physics.

FIG. 16. Superimposition of BICs features observed by TEM (cross-sec-

tional view) and chemical profiling (SIMS), taken from the same MBE sam-

ple (with an embedded B box) implanted with Si ions and annealed at

815 �C, 5 min. Small dark spots, with typical contrast of dislocation loops

(as shown in the inset), are observed at the depth of 220 nm where the immo-

bile part of the chemical profile is recorded. A schematic of the experiment

is also shown. Reprinted from S. Boninelli, Appl. Phys. Lett. 91, 031905

(2007). Copyright 2007 American Institute of Physics.
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defects, with typical contrast of dislocation loops). The ther-

mal dissolution of BICs was also followed by TEM

imaging.91

Actually, the experimental determination of the dissolu-

tion kinetics at different annealing temperatures helps to

understand the energetics of these clusters and to verify the

theoreticians’ calculations. Indeed, a quantitative analysis of

BICs dissolution can be made by using chemical profiling

(and the “diffusion criterion,” i.e., clustered B is immobile)

and/or electrical measurement (assuming that clustered B is

electrically inactive). By quantitative high-resolution scan-

ning capacitance microscopy, BICs were found to dissolve

faster as the region where B clustering occurs is more con-

fined.92 BICs formation was induced by B implantation

through submicron windows, and the total electrical activa-

tion is gained first in the narrowest window (0.38 lm), with

times shorter by nearly a factor of 4 compared to the widest

one (3.2 lm). Actually, the electrical measurements for

quantifying the BIC dissolution can be affected by scattering

effects by B clusters on the mobility of charge carriers,

which alters the determination of the active B amount.6,93–96

To properly measure the BIC dissolution energetics, we used

the diffusion criterion together with a proper rate equation

model able to fit the chemical profiles, to simulate the B dif-

fusion and to extract the clustered B amount produced by a

controlled I supersaturation into MBE grown Si samples con-

taining various B doped regions.97 It was clearly shown that

B clusters dissolve following two distinct paths with differ-

ent energy barriers (3.6 or 4.8 eV) and rates, the slowest one

(with the 4.8 eV barrier) being present only for B concentra-

tion above the solid solubility.98 Comparison with TEM

studies suggested that the observed large BICs follow such a

slow dissolution path,91 while the faster path can be con-

nected to mobile B direct emission from small clusters, not

visible by TEM. Thus, BICs can be present in small sizes

(below the nanometer scale and quickly dissolving), or in

large sizes (observed by TEM and much more strongly

bonded).

Basing on these evidences, very recently, Aboy et al.
developed a comprehensive model for BIC formation and

evolution in crystalline Si, including BnIm complexes quite

larger than those included in previous atomistic simula-

tions. BIC evolution is modeled as drawn in Fig. 17, consid-

ering exchange of B (oblique red lines) or Si (vertical blue

lines) interstitials with the hosting lattice to change cluster

configuration, and taking the formation energy of each B:Si

cluster (referred to the perfect lattice) through comparison

with theoretical calculations and fitting models to different

sets of experimental data in literature.96 In Fig. 17, four

main regions have been defined, one region (SB, small

BICs) for clusters with less than 4 B atoms, and three

regions for large BICs (LBLI-large BICs low interstitial,

LBB-large BICs barrier, and LBHI-large BICs high intersti-

tial) with a larger number of B atoms. SB region includes

small BICs (n < 4) that reproduce experimental data at low

and medium B concentration; LBLI region considers very

stable large BICs (n > 4, m� n) that form from SB region

and only in the presence of high B concentration and low

flux of Is; LBHI region with less stable large BICs (n > 4

and large amount of Is) coming from SB region if high B

concentration and high flux of Is subsist; finally, LBB

region represents quite unstable large BICs (n > 4 and in-

termediate amount of Is) that act as a barrier among less

stable and very stable large BICs. Even if the largest BICs

precipitate that can be included in such calculations contain

less than 20 atoms, two different dissolution pathways have

been found, a faster one for I rich BIC and a slower one for

low I content, and the model has been successfully applied

to BIC evolution in both B implanted and MBE grown Si

samples.96

Once clarified the main features of BICs formed in crys-

talline Si, some considerations should be done on B clusters

occurring in amorphous Si and then transferred in crystalline

Si. In fact, to avoid the overlapping of implant damage and

dopant atoms, B is typically implanted in pre-amorphized Si

followed by thermal induced SPER. Nevertheless, B cluster-

ing already occurs in pre-amorphized Si (cfr. Sec. II), even if

to a lower extent than in crystalline Si, and then these clus-

ters are transferred to the crystalline structure during the

SPER.6,12,13 Such B clusters, even if formed in preamorph-

ized Si, can evolve towards BICs as large as 8 nm if a high B

concentration is present and subjected to a proper I supersa-

turation, as shown by B chemical mapping and energy-

filtered TEM investigations.96

In summary, the non equilibrium clustering of B

induced by a supersaturation of Is gives out B:Si complexes,

named BICs, whose size and thermal stability depend on

the starting conditions. In any case, BICs have significant

effects on the migration properties of B atoms by modifying

both the concentration of mobile B atoms and the density of

Is, thus B-I clusters should be taken into serious considera-

tion when a complete modeling of B diffusion process is

regarded.

FIG. 17. Schematic map of B-I clusters energetics (referred to the perfect

lattice) as a function of the composition (as BnIm clusters). BIC evolution

towards different configuration occurs through B (oblique red lines) or Si

(vertical blue lines) interstitials exchange with the hosting lattice. Four main

regions have been defined: SB for clusters with less than 4 B atoms, LBLI

(large BICs low interstitial), LBB (large BICs barrier), and LBHI (large

BICs high interstitial) with a larger number of B atoms. Reprinted from

M. Aboy et al., J. Appl. Phys. 110, 073524 (2011). Copyright 2011 Ameri-

can Institute of Physics.
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IV. B DIFFUSION IN c-Ge: THE ROLE OF
SELF-INTERSTITIALS

A. B doping in Ge

While B is by far the most used p-type dopant in Si, this

is not true in Ge where the maximum solid solubility (5 �
1020/cm3) among p-type dopants is reached by Ga.16,99,100

Nonetheless, Satta and co-workers in 2005 showed that, if B

is implanted in pre-amorphized Ge, a maximum activation

level of 2.4 � 1020/cm3 is reached after solid-phase epitaxial

regrowth at 400 �C.101 Further investigations on B implanted

in PAI-Ge, based on different analytic techniques, demon-

strated that higher activation levels of B can be reached,102

up to the maximum of 5.7� 1020/cm3 after SPE at 360 �C.19

These results support that B is a very good choice for p-type

doping in Ge, also because its diffusivity is by far the lowest

one among all the dopants in Ge.18

As far as B diffusion in Ge is concerned, the picture is

not as much detailed as in silicon, neither there is a consoli-

dated consensus on the microscopic mechanism leading to B

motion. In amorphous germanium, no B diffusion was

observed after the regrowth of a PAI Ge layer,101 confirming

the trend observed by Edelman and co-workers in amorphous

SiGe alloys where the diffusivity decreases with increasing

the Ge concentration.103 Crystalline lattices of Si and Ge are

very similar from the crystallographic and electronic points

of view, but they are quite different as far as the dopant

behavior is concerned. In c-Si dopants of the III and V

groups diffuse by a PD mediated mechanism that can involve

both vacancies (Vs) and self-interstitials (Is), prevailing the

former or the latter mechanism depending on the considered

dopant. In contrast, in c-Ge, almost all dopants seem to dif-

fuse by a V-mediated mechanism. This is attributed to the

determination that Vs in c-Ge play a dominant role with

respect to Is, since Vs are characterized by a formation

energy �1 eV lower than that of Is.100 Still, the B migration

in c-Ge represents a special case since its diffusion process

seems to be different.

The investigation of B diffusion in c-Ge is hampered by

a very small diffusivity. Fig. 18 shows that the diffusion of B

implanted in Ge at 20 keV can be hardly appreciated even af-

ter annealing at 850 �C for 24 h.17 Considering the Ge melt-

ing point at 937 �C, this datum evidences the very low B

diffusivity in Ge. Bracht and co-workers, comparing DB in

Ge and in Si at homologous temperatures T/Tm (Tm is the

melting point), showed that B diffusivity in Ge is 4-5 deca-

des smaller than in Si.18 B diffusivity in Ge measured under

controlled conditions in the 800-900 �C range shows an acti-

vation energy of 4.65 eV, with a diffusion coefficient two

orders of magnitude smaller than the smallest earlier esti-

mate.104 Based on its very low diffusivity and on the high

activation energy, B diffusion through a V-mediated mecha-

nism appears highly improbable. Actually, the activation

energy for B diffusion in Ge is �1.5 eV larger than that for

self-diffusion and much larger than those of other common

dopants diffusing via a V-mediated mechanism. An

interstitial-mediated process was thus believed more con-

ceivable.104 In addition, the lack of stability of the B-V pair

was also confirmed by some theoretical calculations.105,106

Thus, for any experimental investigation of the B diffusion

mechanism, non-standard conditions such as very long

annealing times or annealing temperatures just below the

melting point are required.

From a theoretical point of view, some works shed light

on the possible migration mechanism in Ge, also comparing

it with the well-assessed picture in the Si lattice. Via first

principles calculations De Lugas and Fiorentini estimated

the energetics and migration paths of boron in Ge, consider-

ing an I-mediated mechanism, specifically the g-k mecha-

nism previously associated with B in crystalline Si.107 The

quite high formation energies of interstitial B configurations

ruled out the “stand-alone” B migration in favor of the BI0

or BIþ diffusing pairs. The energy barrier to the diffusion

through BI pairs is calculated to be 4.5 eV, well in agreement

with the experimental determination of Uppal,104 while the

temperature dependence of k resulted to be almost absent.

The activation energy of k is the difference between the

migration and the dissociation energies of the mobile BI
pair, which are computed to be very similar (both around

1 eV). Later on, Janke and co-workers, by means of ab-initio
methods, examined the kinetics of boron diffusion, consider-

ing a variety of mechanisms (vacancy- or interstitial-

mediated, and correlated exchange mechanisms).106 They

also concluded that B diffusion should occur through an

I-mediated mechanism leading to a BI pair in the neutral or

positive charge states. Still, the total energy barrier to diffu-

sion is calculated to be 3.8 eV, similar to those found for B

diffusion in Si. The discrepancy with the experimental

energy barrier determined in Ref. 104 has been attributed to

electronic thermal excitations not included in the T ¼ 0 K at-

omistic model.

Still, while calculations of energetics and migration

pathways had already suggested reasonable microscopic

mechanism of B diffusion through self-interstitials, only

recently the experimental validations came out.108–110 By

FIG. 18. Chemical profiles of B as-implanted in Ge (20 keV and 6�1014/

cm2) and after annealing at 850 �C for 24 h, with fitting lines. Reprinted

from S. Uppal et al., J. Appl. Phys. 90, 4293 (2001). Copyright 2001 Ameri-

can Institute of Physics.
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comparing the diffusion of Ge, B and P under proton irradia-

tion, Bracht and co-workers demonstrated that I-mediated

diffusion (as in the B case) is favored under irradiation.109

The key role of Is in B migration was also clearly shown

through an independent approach, by investigating the diffu-

sion of B under out of equilibrium conditions for point defect

density,108,110 as described in Sec IV B. In fact, as B is such

a slow diffuser, the first experimental studies of its migration

mechanism were been limited to a restricted range of very

high temperatures and very long times. Hence, alternative

methodologies have been used to clarify the B diffusion pro-

cess in Ge and how point defects can affect B diffusion itself,

as detailed in Sec. IV B.

B. Out of equilibrium approach for B migration study

In Si, significant insights on the diffusion mechanisms

of dopants came from studies involving out of equilibrium

concentrations of point defects induced by ion implanta-

tion.4,65 Typically, ion implantation in Ge hardly comes up

with the formation of stable I-type defects. Only recently, it

has been clarified that end-of-range (EOR) extended defects

do also form in Ge after pre-amorphization followed by SPE

regrowth,111,112 even if defects are much smaller and less

stable than in Si. Still, as in Si, they are made up of Is and

their thermal dissolution was shown to induce TED of B.110

In this case, EOR defects were formed by self-amorphization

close to a B delta, whose broadening was measured at tem-

peratures between 300 and 550 �C by SIMS profiling. After

B diffusion simulation (based on the same g-k diffusion

model used for B in Si, as explained hereafter), the total

number of diffusion events gt was measured and plotted

versus temperature together with the EOR induced strain

integral measured by high-resolution X-ray diffraction

(HRXRD) (Fig. 19). The strain integral can be considered as

a quantitative estimation of Is contained in the EOR

defects,113 so the Arrhenius plot shows that the more Is are

released from the EOR (the strain integral decreases), the

higher is the number of diffusion events recorded. This

strong correlation directly evidences that the diffusion of B

atoms is assisted by Is. In addition, it shows that the dissolu-

tion of EOR occurs in the 350-420 �C temperature range.

The energy barrier to EOR thermal dissolution (�2.1 eV)

resulted significantly lower than that (3.8 eV) found for the

dissolution of {311} defects in Si, which is consistent with

the lower strength of the Ge-Ge bond with respect to the Si-

Si bond and with the observation that EOR defects in Ge are

weaker and smaller than in Si.

A significantly greater enhancement of B diffusivity over

a wider temperature range came out by an alternative

approach we developed to allow a much more detailed inves-

tigation of the B diffusion mechanism. The method consists

in monitoring the broadening of a B delta (grown by MBE)

during irradiation with light ions at different target tempera-

tures.108 By this way, we demonstrated the occurrence of

radiation enhanced diffusion (RED) of B in Ge, several

orders of magnitude larger than under equilibrium conditions.

Some years ago, RED of B in Ge was actually proposed by

Uppal and coworkers to explain the long tails occurring after

B implantation in Ge at low energy, even if no further investi-

gation was given.17,114 In Fig. 20, the broadening of a B delta

can be seen after Hþ or Oþ irradiation (with fluences well

below the amorphization threshold) performed at 150 �C,

compared with the negligible thermal diffusion (TD) (at an

higher temperature, 350 �C, and for the longest implant time).

Boron RED is certainly not due to a direct knock-on phenom-

enon on B atoms generated by the impinging ion beam (dis-

placed B atoms are actually a negligible fraction of the

diffusing B). Thus, the B diffusion observed in Fig. 20 can be

related to the interaction of B with the point defects (PDs) or

with the free carriers generated by the implantation.

To disentangle the effect of point defect generation from

the ionization, we compared (Fig. 20) B diffusion after im-

plantation of Hþ or Oþ ions (with different energies so to

have the same projected range, Rp, of �2.5 lm). Oxygen has

a mass 16 times higher than hydrogen, producing denser

FIG. 19. B diffusion induced by dissolution of EOR defects. The average

number of B diffusion events (gt, closed squares, left axis) and the EOR

strain integral (S, open squares, right axis) are reported into an Arrhenius

plot. The lines are fit to the data considering the exponential functions

reported into the graph (parameters A, B, and C account for the initial and

saturation values).

FIG. 20. Ion irradiation effects on the chemical profiles of B in Ge. Starting

sample (i.e., the as-grown sample after the 1 h 600 �C annealing, dotted line)

and those further irradiated at 150 �C with the 300 keV, 1 � 1016 Hþ/cm2

(continuous line) or 3 MeV, 8 � 1013 Oþ/cm2 (dashed-dotted line) are

reported, together with a non-implanted sample thermally annealed at

350 �C for the longer implant time (dashed line).
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collision cascades, so the Oþ fluence was chosen in order to

produce the same total energy loss by nuclear collisions as

for the Hþ implant in the B-delta region.115 This leads to a

similar generation of PDs, which potentially can interact

with B before their recombination. On the other hand, the ra-

tio of the energy lost by interaction with electrons (dE/dx)e

to that lost through elastic collisions with target ions (dE/

dx)n, as calculated by the TRIM code,115 is 10 times larger

for the Hþ irradiation than in the Oþ case. We can then dis-

tinguish if PDs or ionization affect RED.116 Fig. 20 shows

that the B diffusion is very similar in the two cases, suggest-

ing that indeed the process is mainly driven by the energy

deposited into nuclear elastic collisions, producing point-

defects, while ionization effects are negligible, if any. This

was also confirmed by the evidence that B undergoes an

enhanced diffusion also after ion irradiation,108 as in this last

case, ionization effects are truly absent.

Once stated that B diffusion is activated by Is, as those

produced during ion irradiation,108,109 the thermal behavior

was studied. In Fig. 21, the diffused B profiles under proton

irradiation are plotted for different target temperatures, to-

gether with the starting B profile and that annealed at 800 �C
for the same time but without implantation (i.e., the TD blue

open circles). For all the temperatures, under proton irradia-

tion a significant B broadening is observed, much larger than

what obtained at 800 �C in equilibrium conditions. Also at

RT, some B diffusion can be appreciated (not shown) while,

if the B delta is irradiated at the liquid nitrogen temperature,

no diffusion is observed, meaning that the ion-assisted diffu-

sion needs to be thermally activated.108 Then, the very low B

diffusivity under equilibrium conditions can be imputed to

the intrinsic lack of self-interstitial defects in Ge, while if Is
are supplied (as during implantation) B migration occurs,

also up to great extents.

A careful look of Fig. 21 also reveals that the shapes of

the B diffused profiles change between panels (a) and (b). In

the upper panel, the shape of B diffused profiles shows very

long exponential tails typical of a long migration path in a

diffusion mediated by point defects.1 On the other hand, the

profiles at 750 �C and 800 �C (lower panel) show a Gaussian

shape, revealing a shorter diffusion path. Moreover, the

lower concentration peak at higher temperatures (�7.1

� 1017/cm3 at 800 �C, while �1.7 � 1018/cm3 at 200 �C)

indicates a higher number of diffusion events if the tempera-

ture increases. All these features appear really akin to what

observed by Cowern and co-workers when studying the

mechanism of B diffusion in Si,1,56 thus boron RED phe-

nomena in Ge were studied by fitting all the B profiles with a

g-k diffusion model108 for B as done for the Si matrix

[Sec. III]. Once more, the model assumes that a substitu-

tional B atom (Bs) becomes mobile (Bm) with a rate g by

interacting with PDs and then Bm moves for a mean length

(k) before returning substitutional, i.e., immobile. Within

this model, we cannot distinguish if the mobile B is an inter-

stitial B (pure kick-out diffusion) or a BI pair (interstitialcy

diffusion), since the diffused profile is insensitive to the mo-

bile species. As above outlined, theoretical calculations lean

toward the interstitialcy diffusion mechanism, but here we

will refer to Bm as mobile B (either species). The simulation

profiles (not shown here) well agree with the experimental

data, as shown in Refs. 108, 110, and 117.

Simulation results indicate that the migration rate (g) is

proportional to the ion flux but independent of the ion flu-

ence, while the total number (gt) of migration events per B

atom only depends on the ion fluence, being unaffected by

the ion flux (within the investigated ranges). This points out

that B migration can be switched on and regulated by the

implant parameters through the production of self-intersti-

tials defects.108 The migration path (k) of Bm is unaffected

by both the ion flux and fluence, being dependent only on the

irradiation temperature (Fig. 22). Once B diffusion has

started, the ion irradiation has no more significant effect on

the migrating species, which moves for a length limited by

recombination (Bm becomes substitutional) or impurity

trapping.108

In Fig. 22 all the k values extracted by simulations under

thermal or enhanced conditions for B diffusion in Ge are

plotted from 150 to 800 �C.108,116,118 Migration values are

reported for B diffusion during irradiation at different tem-

peratures (RED: 200 keV Hþ, or 300 keV Hþ, or Oþ irradia-

tion), for annealing after irradiation (300 keV Hþ, done at

room temperature), and for thermal diffusion. Regardless of

diffusion conditions, reported data indicate a migration

length smaller than 10 nm for temperatures higher than

�600 �C and a saturation behavior for lower temperatures.

In Si, k has a negative activation energy (��0.6 eV,14,56) as

a consequence of the competition between migration and

FIG. 21. Temperature effect on the shape of diffused B profile: lower tem-

peratures (upper panel) lead to long exponential tails because of the long

migration length. Chemical B profile in the starting sample (dashed line) and

after 200 keV Hþ implant performed at 200 �C (upper panel, line plus up tri-

angles), 400 �C (upper panel, line plus stars), 750 �C (lower panel, line plus

down triangles), and 800 �C (lower panel, line plus diamonds). A reference

for thermal diffusion at 800 �C is also plotted in panel (b) (line plus open

circles). Reprinted from G. G. Scapellato et al., Nucl. Instrum. Methods

Phys. Res. B 282, 811 (2012). Copyright (2012) Elsevier.
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dissociation of the mobile species, thus the migration length

reduces by increasing the temperature. In Fig. 22, we observe

this trend in the 800-550 �C range, both for RED and TD,

confirming that the mobile species Bm stops its diffusion

through a thermally activated dissociation process, with an

energy barrier of �0.64 eV. Although this evidence is in con-

trast with the athermal dependence of the migration length

predicted in Ref. 107, the similarity between the activation

energy of k in Si and Ge suggests that the migrating species

behaves in the same way, at least in terms of diffusivity and

dissociation energetics. At lower temperature, the k trend in

Fig. 22 is fairly constant at 10-20 nm, probably because the

migration path of mobile B is limited by traps present in the

sample (as O or C incorporated during the MBE growth).108

The out of equilibrium approach allowed a deep experi-

mental investigation of the B diffusion in Ge, also opening a

route for the discovery of new classes of native point defects

in crystalline materials.15 Here, wide similarities between B

diffusion mechanisms in Si and Ge have been evidenced, as

the same key role of Is in activating the migration process

and the similar temperature dependence of the migration

length. Thus, the depressed diffusivity in Ge has been

ascribed to the intrinsic lack of Is defects. As in Si, to control

the dopant diffusion, a proper point defect engineering

should be pursued, as outlined in Sec. IV C.

C. Point defect engineering and enhanced B diffusion

Differently from Si, crystalline Ge has a quite low Is den-

sity under equilibrium conditions, thus the role of Is results to

be quite small, not only for dopant diffusion but also for

extended defects formation. In Sec. IV B, EOR defects in Ge

are shown to be weaker and smaller than in Si, thus a different

approach should be conceived to realize a well-built Is source

in Ge. In fact, the diffusion and deactivation of many dopant

atoms in Ge are dominated by vacancies, therefore a proper

engineering of point defect density could open the route for

innovative frameworks for Ge. In the following, we will show

a technique, based on oxygen implantation, able to modify the

equilibrium balance of point defects in Ge in favor of self-

interstitials and then able to greatly enhance B diffusion.

In Si, a self-interstitial supersaturation is typically pro-

duced during surface oxidation because of the different den-

sities of Si and SiO2.119 The consequent stress at the Si/SiO2

interface is partially released by injecting self-interstitials in

the bulk, responsible for the oxidation enhanced diffusion

(OED) of B. The same approach in Ge is not effective due to

GeO desorption at the surface, which leads to unstable Ge

oxide.120,121 Still, if Ge oxidation is forced far away from the

surface, some Is injection can be obtained. Actually, very

recently, it was shown that O implantation in Ge followed by

650 �C annealing induces the formation of embedded GeO2

nanoclusters (5-10 nm in size) able to induce a large TED of

B.117 It should be noted that the observed GeO2 nanoclusters

exhibit a thermal stability considerably much larger than the

EOR defects in Ge discussed above. A band of I-rich defects

was observed by TEM at a depth of �350 nm, close to the

projected range of O implantation. When O implantation and

annealing are performed in a MBE grown Ge film containing

5 narrow B deltas (spaced 200 nm each other), a large broad-

ening of B profiles is observed already after 30 min anneal-

ing and lasting up to 2 h (Fig. 23). It is straightforward to

realize that the equilibrium diffusion of B in Ge at these tem-

peratures and times is negligible at all, and then a large Is
supersaturation should exist leading to the observed boron

TED. Concomitant to the boron TED, a peculiar shape trans-

formation of the oxide nanoclusters from elongated to spher-

ical form is observed up to 2 h annealing, pointing out a

strong correlation between the evolution of the GeO2 nano-

clusters and the self-interstitial supersaturation. The embed-

ded GeO2 nanoclusters act as the self-interstitial source, in a

way similar to what occurs at the surface in Si OED.117 Still,

when the embedded GeO2 nanoclusters are involved a much

FIG. 22. Arrhenius plot of the diffusion length (k) for B diffusion in Ge,

under several conditions. Enhanced diffusion conditions are reported for

samples irradiated at different temperatures with 3 MeV Oþ (star), or with

200 keV Hþ (triangles), or with 300 keV Hþ (squares), and also for samples

annealed after 300 keV Hþ irradiation at room temperature (crossed

squares). Thermal conditions are also reported for annealing (with no im-

plantation) at 755 �C and 800 �C (open circles). Dashed red line is a fit of k
values obtained in high temperature regime (550-800 �C).

FIG. 23. Effect of embedded GeO2 nanoclusters on B diffusion in Ge. Boron

profiles in MBE-Ge sample after O implantation (black dashed line), and af-

ter annealing at 650 �C for 30 (orange open squares), 120 (blue open trian-

gles), and 180 (green stars) min. A homogeneous broadening of the B

profiles is observed, evidencing at 650 �C a transient enhanced diffusion of

B lasting up to 120 min. Reprinted from G. G. Scapellato, Phys. Rev. B 84,

024104 (2011). Copyright (2011) The American Physical Society.
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larger enhancement of B diffusivity is reached (105 for B in

Ge against 10 times for OED in Si122), due on one side to the

very low equilibrium Is density in Ge, and on the other side

to the very effective self-interstitial injection by the GeO2

nanoclusters. In fact, based on the different Ge densities in

Ge or in GeO2 (4.8 or 2.4 � 1022 Ge/cm3, respectively), the

volume per Ge atom in the oxide is twice than in bulk, and

the stress at the nanocluster surface can be released by inject-

ing self-interstitials in the surrounding lattice. Fig. 23 also

shows that B delta diffusion occurs all over the Ge film

thickness (�1 lm) even if the GeO2 nanoclusters are located

at a depth of �350 nm below the surface. As Is are injected

by the GeO2 nanoclusters and diffusion of B delta is

observed up to a depth of 1000 nm (deepest B d in Fig. 23)

just after 30 min at 650 �C, one can evaluate �2 � 10�12

cm2/s as a lower estimate for I diffusivity in Ge at 650 �C.

This datum shows that, once formed, self-interstitials can

affect the Ge lattice at long distances and in a non-negligible

way, remarking that the weak role of self-interstitials in Ge

is related to their scarcity in equilibrium conditions.

By summarizing, the ion irradiation approach allowed

the experimental investigation of B diffusion in Ge confirm-

ing the theoretical prediction of an I-mediated mechanism.

Some similarities between B migration in Ge and Si can be

drawn, as the mechanism itself and the energetics of the

migrating species (activation energy for k), still the main dif-

ference is the much lower B diffusivity in Ge clearly due to

the intrinsic shortage of self-interstitial defects. When Is are

supplied, large B diffusion is observed also at relatively low

temperatures. Point defects engineering methods for stable Is
sources are investigated, showing that the formation of em-

bedded GeO2 nanoclusters is the most promising way to sus-

tain a large Is supersaturation at 650 �C. A proper

modification of the equilibrium I-V density, naturally over-

balanced towards Vs, can be beneficial for a variety of phe-

nomena detrimentally affected by Vs in Ge as the enhanced

diffusion or the deactivation of most dopants.

V. CONCLUSIONS

In this paper, we reviewed the key features of B migra-

tion in different matrices, such as amorphous (a) or crystal-

line (c) Si or Ge. The underlying microscopic mechanisms

have been investigated and modeled, showing that in all the

cases, the dopant diffusion is always an indirect process.

In a-Si, B diffusivity is well larger (a factor of 105) than

in c-Si, causing a non negligible broadening of the dopant

profile and a very quick precipitation when B is implanted in

pre-amorphized silicon during ultra-shallow junction fabrica-

tion. We showed that B migration in a-Si is activated by dan-

gling bonds of the amorphous structure, being these defects

enhanced in density by the B itself. Such a feature induces

the peculiar shape of the diffused profile, where the concen-

tration gradient unexpectedly increases after diffusion, since

the higher the B density, the more dangling bonds are pres-

ent, promoting a more effective B migration. Because of this

apparent violation of the Fick’s law, we developed a proper

model considering the interplay between dopant atoms and

point defects, and able to accurately simulate the B diffusion

in a-Si, also accounting for the quick dopant precipitation

above 2 � 1020 B/cm3. The diffusivity coefficients for boron

and dangling bonds have been measured, showing Arrhenius

behaviors over five orders of magnitude, with relative energy

barriers of 3.0 and 2.6 eV, respectively. The proposed model

was shown to be able to simulate B diffusion in a-Si, also

under typical conditions used for ultra-shallow junction real-

ization. Basing on the revealed strong interplay between B

and point defects in the amorphous structure of Si, similar

behavior is expected for other dopants, which are three- or

five-fold coordinated in Si and could show diffusion in a-Si

with features similar to those already modeled for B.

In c-Si, the microscopic pathways of B migration and

the diffusivity values significantly change depending on the

Fermi level position. In fact, B diffusion takes place through

an interstitialcy mechanism, under intrinsic conditions

involving neutral self-interstitials (I0), while under extrinsic

conditions (p-type doping), the interaction of substitutional

B (BS
�) with doubly positively charged selfinterstitials (Iþþ)

is more and more probable, leading to enhanced dopant dif-

fusivity. In both the cases, a charge exchange with the sur-

rounding matrix occurs giving the neutral BI0 pair, which is

the migrating species. Instead, under high n-type doping con-

ditions, a depression of diffusivity is observed, with non neg-

ligible contribution to B diffusion given by the negatively

charged BI complex and by Coulomb pairing effects of B

with n-type dopants (more effective with P than with As). In

any cases, B diffusion in c-Si is also heavily affected by non-

equilibrium clustering with Is. In fact, the temporary immo-

bilization of B into BICs alters both the density of diffusing

boron atoms and that of self-interstitials, needed to start the

B diffusion itself. In addition, BICs also affect the electrical

behavior because of B de-activation and charge carrier mo-

bility degradation. Under prolonged annealing, these BICs

dissolve releasing both B and Is and, thus, influencing B

migration. BICs are usually very small (below 1 nm in size)

and dissolve with an energy barrier of 3.6 eV; nonetheless

quite large (5-10 nm in size) BICs, dissolving with a larger

barrier (4.8 eV), can be formed under conditions of very high

B concentrations and moderate Is supersaturation. In fact,

beyond the above two main families, a more complex inter-

play occurs between BICs with different size and thermal

stability, which has been recently approached by an appro-

priate model based on atomistic calculations.

In Ge, the mechanism of B diffusion has been studied to

a lower extent than in Si, and essentially limited to the crys-

talline Ge case. Nevertheless, it is now clear that the dopant

migration mechanism is assisted by Ge self-interstitial too,

repeating what occurs in c-Si. The boron diffusivity values

in Ge are much smaller than in Si (up to five orders of mag-

nitude), while the activation barrier is well larger (4.65 eV

rather than 3.45 eV). These features can be explained within

the model of B migration assisted by self-interstitials,

because of the intrinsic shortage of self-interstitials in Ge lat-

tice and of their large formation energy. In fact, we show

that if self-interstitials are furnished out-of equilibrium (as

during ion irradiation experiments), B diffusion occurs up to

quite large extents and also at relatively low temperatures.

Moreover, B diffused profiles have been satisfactorily fitted
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with the same model of B diffusion used for Si. In addition,

we showed that if a proper point defects modification is

reached, as after O implant, which creates an effective source

for Is, B diffusion can be strongly enhanced over large dis-

tances. Further aspects to be investigated are the mechanism

of B diffusion in Ge under extrinsic conditions, and the pair-

ing with other dopants, if any. The peculiarity of the very

low Is density in Ge, and the evidence for Is need in boron

migration, makes the B diffusion in Ge a really intriguing

phenomenon, required to be further investigated.

Finally, whatever the matrix is, B migration in a-Si,

c-Si, or c-Ge, is shown to be an indirect phenomenon occur-

ring by means of interaction with point defects of the hosting

lattice, specifically self-interstitials, or dangling bonds, if in

crystalline or in amorphous materials, respectively. Because

of this, any modeling of B diffusion has to take into great

account the density and diffusivity of the specific point

defect acting as the mediator.
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