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We used ion implantation of H and He in Si and thermal treatments to produce two systems

allowing to study the effects of global and local mechanical stress fields on the formation energy of

H-precipitates called H-platelets. In the first part of the work, the depth-distribution of different

crystallographic orientations of the precipitates formed along the implanted layer was characterized

by transmission electron microscopy. The global strain in the region was measured by X-ray

diffraction, and the depth distribution of strain was reconstructed using a dynamical-theory-based

code. Elasticity theory was used to develop a model based on mechanical interactions, explaining

the preferential presence of (001)-oriented precipitates in the more stressed region of the implanted

layer. In a second part, local sources of stress of nanometer size and cylindrical symmetry were

introduced in a deeper region of the matrix, before the nucleation of H-platelets. The local stresses

were embodied by (001) He-plate precipitates. Upon annealing, a specific arrangement of

crystallographic variants of {111}-oriented H-platelets in a four-fold configuration was observed.

To explain these experimental observations, and to calculate the variations of the formation energy

of the precipitates under the presence of local stress tensors components, analytical and numerical

(finite element method) approaches were used to develop 2D and 3D models based on elasticity

theory. The concepts and modeling strategy developed here paves the way for determining the

required conditions to create controlled architecture of precipitates at the nanoscale using local

stress engineering. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818812]

I. INTRODUCTION

The spatial organization of nano-objects is a challenge

that requires the development of disruptive concepts. There

are essentially two different approaches to manipulate and

arrange nano-objects at the nanoscale: (i) top-down approach,

based on a direct interference in the system, for example, by

producing lithographic patterns to mediate organization, and

(ii) bottom-up approach, from which organization emerges

from the physical interactions in the system, producing what

has been referred to as self-assembly. Top-down concepts are

dominant for industrial applications; however, bottom-up

processes are regarded as important and sophisticated con-

cepts to be developed for future nanofabrication. Therefore,

there is a fundamental and technological interest in innovative

approaches and on understanding organization at the

nanoscale.1,2

In this context, we have demonstrated that the interac-

tion between nanoscopic stress fields can be used to select

crystallographic variants of precipitates in spatially defined

regions, and then, to create innovative arrangements embed-

ded in a crystalline matrix.3 Here, we present an extensive

and detailed structural characterization and modeling of this

system. Our experiment consists in using ion implantation

and thermal annealing processes to produce a planar arrange-

ment of bi-dimensional plate-like precipitates filled with he-

lium gas.4–7 These objects, of typical diameter at the order of

100 nm, generate local stress fields of cylindrical symmetry

at the nanoscale range. Under the influence of such stresses,

we induced the formation of smaller (typically of 10 to

20 nm diameter) bi-dimensional plate-like precipitates of

hydrogen. The cylindrical nature of the stress field emerging

from the He-plates patterned the precipitation of H-platelets

in a four-fold configuration. The effect of elastic interactions

on the formation energy of different crystallographic variants

of H-platelets is modeled in 2D using analytical approaches,

and in 3D using numerical calculations. The predictions of

the model and extensions of the concept as a method to

organize precipitates at the nanoscale dimension are

discussed.

II. EXPERIMENTAL

The substrates used in this study were 1–25 X cm p-type

(001) Czochralski grown Si crystals of 750 lm thickness.

Experiment I: The first experiment was intended to eval-

uate the impact of the in-plane biaxial stress generated by

the lattice damage introduced by the implantation process on

the nucleation and precipitation of H-platelets.11 For this, a

Si substrate was implanted with H2
þ ions to the fluence of

0.5� 1016 cm�2 and incident energy of 30 keV. According to

a)Author to whom correspondence should be addressed. Electronic mail:
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SRIM calculations,12 the projected ion range Rp is of

�200 nm from the surface. After implantation, the lattice

strain (Dd/d)z associated to the implanted layer,8–10 appear-

ing along the direction normal to the surface and referred to

as out-of-plane strain, was measured by X-ray diffraction

(XRD) scans around the (004) reflection of the Si substrate.

The experiments were performed using a Philips X’Pert
equipment. Another piece was annealed at 300 �C for 1800 s

to induce the precipitation of H-platelets. The microstructure

of the annealed material was characterized by Transmission

Electron Microscopy (TEM).

Experiment II: The second experiment was carried out to

study the influence of a nanoscale stress-field on the precipita-

tion of H. The samples were prepared in two-steps of implan-

tation/annealing. In step one, the Si substrate was implanted

with 45 keV Heþ ions to the fluence of 1� 1016 cm�2 and

annealed at 350 �C for 900 s. Pressurized He-plates4–6 ori-

ented parallel to the surface are expected to form at a depth

close to the projected range of the ions (RHe
p � 385 nm), pro-

ducing a 2D array of nanoscale stress-field sources. In the sec-

ond step, 30 keV H2
þ ions at the fluence of 0.5� 1016 cm�2

were implanted, and the substrate was annealed at 300 �C for

1800 s to form the H-platelets. As in experiment I, the precipi-

tation of H-platelets is intended to take place at �200 nm

depth, at half distance from the He-plates to the substrate sur-

face. After each step of preparation, samples were character-

ized by TEM.

All the implantations were performed at room tempera-

ture using a beam current density of �0.5 lA cm�2, and ther-

mal treatments were done under high vacuum in a quartz

tube and a resistance furnace. The TEM investigations in

cross-section and plan-view were performed in a JEM 2010

Microscope operating at 200 kV. The specimens were pre-

pared by mechanical polishing and ion milling.

III. RESULTS AND DISCUSSIONS

A. The effect of in-plane stress on the nucleation of
H-platelets (experiment I)

Figure 1(a) displays the XRD diffraction pattern

obtained after H-implantation in as-implanted condition. The

curve exhibits a principal sharp peak at the angle

hB¼ 34.57� referent to the (004) Bragg reflection of the pris-

tine Si substrate. For h < hB, additional intensities are

observed. The pattern is characteristic of a lattice dilatation

gradient of Gaussian-like shape along the normal to the sur-

face (z-direction defined as [001] direction).8–10 The XRD

diffraction pattern was simulated using the web-based code

GID_SL written by Stepanov.13 The simulation of the curve

(displayed as dotted line in Fig. 1(a)), allowed the recon-

struction of the strain depth-profile shown in the inset in Fig.

1(a), presenting a maximum strain eMAX
zz � 0.35%. Figure

1(b) shows a cross-sectional TEM image of the material after

annealing at 300 �C for 1800 s. H-platelets parallel to the sur-

face are predominantly seen in the central region of the

implanted layer and platelets of {111}-orientations are more

frequent at the upper and lower borders.

To develop an analytical model to describe the influence

of the external stress field introduced by the implantation on

the formation energy of H-platelets, and consequently on the

preferential appearance of certain crystallographic variants,

first, we have to describe the stress tensor. The origin of

strain/stress in H-implanted Si is related to the introduction

of foreign atoms and lattice disorder in the material.8,10,14–16

These structural modifications cause a localized increase of

volume within the damaged layer, or an isotropic intrinsic

strain e.14–16 Along the z-direction perpendicular to the sur-

face, there is no restriction to deformation and the system

can assume its new configuration. In the directions parallel

to the surface (defined here as x and y), however, the thick

substrate imposes a restriction to relaxation. Therefore, there

is an elastic compressive in-plane strain which develops to

oppose e. This effect generates an in-plane stress and, by

Poisson reaction, elastic strains appear along z. We can write

then that the total out-of-plane strain etot
zz measured by XRD

is composed of elastic and intrinsic contributions16 as

etot
zz ¼ e�zz þ e;

e�yy ¼ e�xx ¼ �e;
(1)

where the superscript * stands for the elastic strains.

FIG. 1. (a) x-ray diffraction measurement showing the scattered intensity

around the (004) reflection of the Si substrate, obtained from the as-implanted

sample (30 keV H2
þat the fluence of 0.5� 1016 cm�2). The simulated curve

(dotted line) is superimposed to the experimental data, and the reconstructed

depth-distribution of strain is displayed in the inset. (b) Cross-sectional TEM

micrograph of a Si substrate implanted with 30 keV H2
þ at the fluence of

0.5� 1016 cm�2 and annealing at 300 �C for 1800 s. It highlights the reparti-

tion of crystallographic variants of H-platelets observed along depth z.

073517-2 Reboh et al. J. Appl. Phys. 114, 073517 (2013)



Assuming a plane-stress configuration, where the stress

components dependent on z are null and the in-plane stress

r||¼ ryy¼ rxx, the relations in Eq. (1) can be combined with

the generalized Hooke’s law to write that

rjj ¼ �2letot
zz ðzÞ; (2)

where l is the shear modulus of the material and etot
zz ðzÞ fol-

lows a Gaussian-like distribution as

etot
zz ðzÞ ¼ eMAX

zz e

�
�ðz�RpÞ2

2ðDRpÞ2

�
; (3)

where eMAX
zz stands for the peak value of strain, Rp and DRp

are, respectively, the projected range and the straggling of

the distribution.

The H-platelets are modeled here as dislocation loops of

interstitial nature with an equivalent Burgers vector bH
�!

( bH
�! ¼ �bH n! for interstitial loops, where n! is the unitary

Burgers vector).3,17,18 Hence, the total formation energy Ef

under the influence of an external stress is given by

Ef ¼ Esf þ ER ¼ Esf �
ð

bH
�! � R � dS

�!
; (4)

where Esf is the self-formation energy of the precipitate, ER

is the energy term introduced by the external stress tensor R,

and dS
�! ¼ ds � n! is a unit surface element of the platelet.

With bHds ¼ dv, from Eq. (4), we can write that the varia-

tion of energy by unit of volume introduced by an external

stress is

DER ¼
dER

dv
¼ n! R n! : (5)

The spatial distribution of the in-plane stress induced by

the implantation is only depth dependent. The calculations

are then presented in 2D considering the yz plane (where

y¼ [�1–10] and z¼ [001] lattice directions), and Eq. (5)

can be re-written as

DER ¼ �
nz

ny

� �
rzz rzy

ryz ryy

� �
nz

ny

� �

¼ �ðn2
yryy þ 2nynzrzy þ n2

z rzzÞ; (6)

where ny and nz are the projected values of the n!on the y

and the z-axes. According to the plane-stress approximation,

Eq. (6) is simplified to

DER ¼ �n2
yryy: (7)

Three different orientations of the H-platelet, (111),

(001), and (100), schematically presented in Fig. 2(a), were

considered in the calculations. Their n! components in the

yz plane are n!ð111Þ ¼ �
ffiffi
2
3

q
; 1ffiffi

3
p

� 	
, n!ð001Þ ¼ ð0; 1Þ, and

n!ð100Þ ¼ ð1; 0Þ. For the (001)-platelets, Eq. (7) equals to

zero. The variation of the formation energy induced by the

in-plane stress is therefore null, and consequently

Ef ð001Þ ¼ Esf ð001Þ. For the (111)-platelets,

DE
ð111Þ
R ¼ 4

3
letot

zz ; (8)

and, for (010) or (100)-platelets

DE
ð100Þ
R ¼ 2letot

zz : (9)

Therefore, the in-plane stress imposes an energetic barrier

for the nucleation of H-platelets along the {111} and (100)

planes. The barrier, given by Eqs. (8) and (9), is approxi-

mately 65% higher for the (100)-orientation perpendicular to

the surface, explaining the infrequent observation of this

crystallographic variant.

The curves representing the barrier of energy as a func-

tion of depth in the substrate for the formation energy of the

three considered orientations of platelet are plotted in

Fig. 2(b) by considering similar self-formation energies19 for

{111} and {001}-type orientations. According to this

scenario, the nucleation of (001)-platelets would be preferen-

tially observed all along the implanted layer. The observa-

tion of the predominant {111}-oriented H-platelets in the

regions of lower in-plane stress suggests that the self-

formation energy follows the relation

FIG. 2. (a) A schematic representation of the three considered orientations

of H-platelets ((111), (001), and (100)), their equivalent Burgers vector, and

the direction of the in-plane stress. Curves representing the variations along

the depth z of the barrier of energy ascribed to the in-plane stress over the

nucleation of (111), (001), and (100)-oriented H-platelets by considering

(b) similar self-energies and (c) taking DEV
sff001g ¼ EV

sff001g � EV
sff111g > 0.

073517-3 Reboh et al. J. Appl. Phys. 114, 073517 (2013)



EV
sf ð100Þ > EV

sf ð111Þ: (10)

The fact that only {111}-oriented platelets are observed in

the absence of external stresses, for example, when H is

introduced in Si using plasma sources20 also supports this

hypothesis. Even if a difference in the self-formation ener-

gies favoring the {111}-precipitates manifests from experi-

mental observation, its magnitude is weak in comparison

with the effect of stresses in the central region of the

implanted layer. In Fig. 2(c), the barriers of energy for the

three considered orientations platelets are represented con-

sidering the relation expressed in Eq. (10).

B. The effect of a local nanoscopic strain-field on the
organization of H-platelets (experiment II)

In the second part of this work, the experiments and

modeling of the effects of a mechanical stress in the arrange-

ment of H-platelets were studied by introducing 3D nano-

scale stress-fields in the system.

After the first fabrication step (45 keV Heþ at the flu-

ence of 1� 1016 cm�2 followed by annealing at 350 �C for

900 s), the material was characterized to verify the formation

of the stress sources embodied by the He-plates. The cross-

section TEM micrograph in Fig. 3(a) shows two edge-on ori-

ented He-plates lying on (001) planes running parallel to the

surface. The depth location of �400 nm corresponds roughly

to the prediction given by SRIM code. A more detailed

image of a single He-plate is shown in Fig. 3(b). The dark

fringes surrounding the defect are ascribed to a diffraction

contrast resulting from the distortion of the crystal lattice by

the internal gas pressure of the cavity.4 The plan-view in Fig.

3(c) shows the circular nature of the object evidencing its cy-

lindrical symmetry around a virtual axis z.

After characterization of the He-plates, the substrate

was submitted to the second step of fabrication (30 keV H2
þ

at the fluence of 0.5� 1016 cm�2 followed by 300 �C for

1800 s) to create the H-platelets under the influence of the

local stress-fields. A TEM micrograph of the implanted/

annealed system is displayed in Fig. 4. It shows that, above

the He-plate, H-platelets are preferentially aligned to {111}

crystallographic directions with respect to the vertical sym-

metry axis z of the stress-field. Two edge-on {111} variants

are observed when imaging along the [�110] direction of

the crystal. The complementary variants would be seen by

imaging along the perpendicular direction [�1–10]. The pic-

tographic representation in the bottom of Fig. 4 summarizes

the scenario; local strain fields from individual He-plates

inducing specific arrangements of H-platelets creating nano-

scopic ordered domains. Elsewhere, far from range from the

local field, the configuration of H-platelets is similar to the

one in Fig. 1(b).

In Fig. 5, we display a TEM image captured from a thin-

ner region of the specimen. There, the observed He-plate

was sectioned, resulting in a non-pressurized cavity: the

strain-contrast is not observed. This image shows in detail

the distribution of two {111} variants of H-platelets. On its

top, the frequency count of platelets versus the distance from

the central z-axis is plotted.

To develop a model allowing to describe these observa-

tions, the following hypotheses were made: (i) the preferen-

tial orientation for the nucleation of H-platelets is

determined by the minimization of their formation energy

with respect to the external stress tensor,3,11 and (ii) the sys-

tem is located close to a free surface and this must be

accounted to calculate the distribution of stresses, by consid-

ering a semi-infinite solid. As in Sec. I, H-precipitates were

modeled as extrinsic type dislocation loops. The variation of

the energy of formation under the influence of a stress-field

is given by Eq. (5). However, the stress tensor
P

has two

contributions now: (i) the local stress-field introduced by the

He-plates and (ii) the in-plane stress generated by the H

implantation.

FIG. 3. (a) Cross-sectional TEM micrograph showing two edge-on He-

plates fabricated by implanting 45 keV Heþ at 1� 1016 cm�2 and annealing

at 350 �C for 900 s. (b) A detailed imaging of a single He-plate. (c) A plan-

view micrograph of a He-plate defining the circular character of the object.

The image was obtained using multiple g vectors exposing a fourfold con-

trast ascribed to bend contours.
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The strain-field of a He-plate must now be calculated.

For this, we modeled the structure as an extrinsic type dislo-

cation loop with an effective Burgers vector (bHe�plate
ef f ) to

account for the displacement-field introduced by the internal

gas pressure. A 2D cut of the dislocation loop over its center

can be represented by a dipole of edge dislocations. The

components of the stress field in a semi-infinite solid are

obtained by solving the appropriate Airy stress function18 u

such that rzz ¼ @2u
@y2 ; ryy ¼ @2u

@z2 ; and rzy ¼ � @2u
@z@y. For an

edge dislocation of Burgers vector (0, b) in an infinite elastic

medium, it is a typical/standard problem, and the solution is

given by18

uðz; yÞ ¼ �Dln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ y2

p
; (11)

where D ¼ lbef f

2pð1�tÞ, l the shear modulus, and � the Poisson’s

ratio of the material.

To consider the proximity of a free surface on the distri-

bution of stresses, a restrict condition has to be satisfied: the

normal and shear stresses on the surface (defined as z¼ 0)

vanish, or

rzzðy; 0Þ ¼ 0; (12)

and

rzyðy; 0Þ ¼ 0: (13)

To satisfy Eq. (12), a virtual image dislocation with opposed

Burgers vector (0,�b) is introduced at the image point. To

equilibrate the tangential forces (Eq. (13)), we introduced

Boussinesq forces on the surface.18 The Airy’s function for

our system can be written then as

uðy; zÞ ¼ uedgeðy; zÞ þ uimageðy; zÞ þ uBoussinesqðy; zÞ: (14)

For a dipole of edge dislocation running along the y-axis,

separated by a length 2a, at a distance -c from the surface

and centered in the z-axis (with |c|¼ 4|a|) it follows that

udipoleðy; zÞ ¼ �Dyln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðzþ cÞ2 þ ðyþ aÞ2

q

þ Dyln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðz� cÞ2 þ ðyþ aÞ2

q
þ 2Dazy

ðz� cÞ2 þ y2

þ Dyln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðzþ cÞ2 þ ðy� aÞ2

q

� Dy:ln
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðz� cÞ2 þ ðy� aÞ2

q 	

� 2Dazy

ðzþ cÞ2 þ y2
: ð15Þ

We have normalized the function by a/D and added the in-

plane stress component in the tensor, giving

unormðy; zÞ ¼ a

D
udipoleðy; zÞ þ a

D
rjj

y2

2
: (16)

The total stress components are finally calculated in terms of

the reduced quantities

r�zzðy; zÞ ¼
@2unormðy; zÞ

@y2
; r�zyðy; zÞ ¼ �

@2unormðy; zÞ
@z@y

and

r�yyðy; zÞ ¼
@2unormðy; zÞ

@z2
: (17)

FIG. 4. Cross-sectional TEM micrograph obtained after the two steps of im-

plantation/annealing (45 keV Heþ at 1� 1016 cm�2 and annealing at 350 �C
for 900 sþ 30 keV H2

þ at 0.5� 1016 cm�2 and annealing at 300 �C for

1800 s) showing the He-plate and the particular distribution of H-platelets

oriented by the local stress field. At the bottom is a pictographic representa-

tion of the system: {111}-platelets arrangements under the influence of He-

plates and (001)-platelets preferentially formed far from the local strain

sources. The distance between nano-arranged domains usually exceeds their

average diameter.

FIG. 5. Cross-sectional TEM micrograph obtained from a thin region of the

specimen where the He-plates were sectioned by the foil surfaces. A detailed

view of the distribution of two edges-on variants of H-platelets (�1–11) at

the left and (111) at the right is observed. At the top is a frequency count his-

togram of H-platelets as a function of the distance from the axis z repre-

sented in the figure.
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The last step is to calculate the value of bHe�plate
ef f . For

this, we combined the calculations of r�0zz (0,�c) with the

equation of equilibrium pressure of a gas-filled plate21,22

thus obtaining

bHe�plate
ef f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pcl

rð1� �Þ

r
2prð1� tÞ

lr�0zz

; (18)

where c is the specific surface free energy and r¼ 100 nm is

a typical value for the radius of a He-plate. The result from

the calculations of rzz along the central axis of the dipole

(i.e., for y¼ 0) allows to obtain that r�0zz (0,�c)¼ 1.8. Taking

for Si that c¼ 1.38 Jm�2, l¼ 68 GPa, and �¼ 0.22, we

obtain that bHe�plate
ef f � 7 nm. This value is obtained consider-

ing all the hypothesis and approximations of the 2D model,

representing therefore an estimated order of magnitude.

The in-plane stress induced by H implantation was calcu-

lated from Eq. (2) for the maximum value of strain

eMAX
zz � 0.35%. This approach was chosen because it

allows representing in a single map the energy variation for

H-platelets to different implantation depths.

For the experimentally observed platelets of (001) and

(111) orientation, the maps of the variation of energy DE
introduced by the combined effects of in-plane stress and

stress field from a dipole of dislocations are displayed in

Figs. 6(a) and 6(b). The iso-regions in the figure are plotted

in intervals of 0.1, which corresponds to �100 MPa. The

unit length a¼ 100 nm. The depth location of H-

implantation is indicated by the horizontal dotted lines in

Figs. 6(a) and 6(b). The plot for the (001)-platelets displays

the symmetrical character around the central vertical axis of

the stress field emerging from the dislocation dipole. The

map for the variation of energy of (111)-platelets, on the

other hand, shows a significant asymmetry where each of the

{111} variants will be privileged in a respective quadrant of

the volumetric 3D structure. Figure 6(c) is a level curve from

the map in Figs. 6(a) and 6(b). It represents the variation of

energy at the depth z¼ 200 nm, where the H-platelets were

created. At the right side from the symmetry axis z, the for-

mation of (111)-platelets is strongly favorable from y¼ 0 to

y� 1.5a. From y� 1.5a, the (001) orientation becomes pref-

erential. On the left side of the curve, the (111)-platelets

have a high barrier for nucleation explaining why another

{111} variant appears. The examination of the frequency

count in Fig. 5 also evidences a clear relationship to the

energy variation curves for the {111} platelets in Figs. 6(b)

and 6(c). Hence, the proposed model helps to explain not

only the spatial position for the preferential formation of the

crystallographic variants but also it seems to provide a good

description of the corresponding relative densities as a func-

tion of the distance from the stress source as well.

C. Prediction of the model

The extrapolation of the proposed model reveals inter-

esting features. Figure 7 shows the energy variation curves

calculated considering different H-implantation depths z.

The He-plate depth position is at z¼�400 nm, i.e., the

curves from �50 nm to �350 nm refer to H implantation

depths above the He-plate. The region where the (111)-plate-

lets are favorable is approximately centered at y� 100 nm

and becomes narrower as it approaches the strain source. For

z¼�350 nm, this variant is quite unlikely to be formed. The

formation of (100)-platelets may be favorable, but we have

not observed, at a very narrow region located along the z-

axis. For z<�400 nm underneath the He-plate, close to the

strain source the general feature of the curves is basically the

same to those shown for z>�400 nm. The (111) curve is

inversed, as expected, and therefore this variant is favorable

in the opposite side of the structure. The free-surface effect

in the stress distribution, and consequently in the calculated

energy variations, is evident considering a certain absolute

distance z from the He-plate. Let us compare, for example,

the curves obtained for 6350 nm from the strain source (i.e.,

the curve for z¼�50 nm with z¼�750 nm). For a larger

distance from the He-plate, the curve for z¼�1000 nm

shows that the effect of the local strain source becomes neg-

ligible, and the orientation of H-platelets is determined by

the in-plane stress uniquely, being the (001)-variant parallel

to the surface the preferential one.

The model can be also used to predict the orientations

when the intensity of the in-plane stress varies, for example,

by changing the H-implantation fluence8,9 or the character of

the stress by introducing tensile layers in the substrate.23

Figure 8 shows the energy variation maps predicted by

changing the environment of nucleation for H-platelets from

a highly tensile layer (k¼�2) to a highly compressive layer

(k¼ 2), with the factor k being the second term of Eq. (16).

Obviously, (001)-platelets are neither affected by the

FIG. 6. Contour maps of the energy variation for the formation of (a) (111)

and (001)-platelets under the influence of the cylindrical stress field gener-

ated by the He-plate located at the depth of �4a and extending from �a to a
along the horizontal axis. The surface of the wafer situates at depth z¼ 0. A

level curve at the depth of �2a, corresponding to the depth of implantation

in the experiments is shown in (c) for the (001) (full line) and (111)-platelets

(dotted line).
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changes of intensity nor the in-plane stress sign. On the other

hand, (100)-platelets perpendicular to the surface become

strongly favorable under tensile in-plane stress conditions, in

accordance with observations,16 and unfavorable in

compressive stress conditions. In general, (111) platelets

also become more favorable under tensile stress conditions

than in compressive one.

D. 3D model

To calculate the stress fields and solve Eq. (5) for the

variation of energy in 3D, we have developed a full aniso-

tropic model of the structure using finite element method

(FEM), implemented in the commercial code COMSOL. To

model the stress field from the He-plate, we introduced an

oblate spheroid cavity with the semi-principal axis

a¼ b¼ 100 nm and c¼ 1.5 nm, at 400 nm depth from the

free surface of a (001) Si matrix. The in-plane stress

was introduced as a constant value of rjj ¼ �2leMAX
zz

¼ �0.483 GPa. The elastic constants for the Si matrix were

C11¼ 165.7 GPa, C12¼ 63.9 GPa, and C44¼ 79.6 GPa. The

volume considered in the calculations is twice the diameter

of the cavity and 1.2 lm of total vertical length. The lateral

boundaries were set with periodic conditions simulating the

presence of neighboring cavities, and for reference, the bot-

tom was fixed to zero vertical displacement. A pressure nor-

mal to the internal surfaces of the cavity was the calculated

value of 1.8 GPa (see Sec. III B).

In Fig. 9(a), we display a 3D plot of iso-values contour

map showing the variation of energy for the (111)-platelets

nucleation around the pressurized He-plate. The regions of

blue contrast refer to negative values, favoring the nuclea-

tion. Red areas are of positive energy variations increasing

the barrier for nucleation of (111)-platelets. Figs. 9(b) and

9(c) are vertical slices of planes zy at two positions along the

x-axis: (i) x¼ 0 at the centre of the structure and (ii)

x¼ 200 nm corresponding to the border of the crack. Figure

9(b) would basically be the analogue of Fig. 6(b), calculated

for 2D using the analytical model. Figure 9(c) shows that the

regions of positive values reduce considerably at the border

of the crack and the negative areas predominate.

FIG. 8. Energy variation maps for (001), (100), and (111)-oriented H-

platelets. The maps show the evolution of the distributions for different val-

ues of k, related to the intensity and character (compressive or tensile) of the

in-plane stress.

FIG. 7. Level curves of the variation of energy introduced by the elastic

stress tensor (DE) for (001), (100), and (111)-platelets orientation from the

depth z¼�50 nm to z¼�350 nm, at the upper side of the He-plate (local-

ized at z¼�400 nm from y¼�100 nm to y¼þ100 nm) and at the lower

side for the depths z¼�750 nm and z¼�1000 nm.

FIG. 9. (a) 3D iso-contour maps of the energy variation for the formation of

(111)-oriented H-platelets under the influence of the cylindrical stress field

generated by the He-plate. The position of vertical slice cuts plotted in (b)

for the center of the structure and (c) for the radius of the crack is depicted

in (a).
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The 3D contour maps in Fig. 10(a) show the cylindrical

symmetry of the distribution for the (001)-variant. Vertical

slice cuts showing the evolution of energy distribution from

the central to the border region of the strain source are dis-

played in Figs. 10(b) and 10(c). While positive values pre-

dominate in the middle, negative regions are mostly found at

the border.

IV. CONCLUSIONS

Using H and He implantation in Si, a concept for the or-

ganization of precipitates using local strain-engineering was

presented and discussed. In the first part of the work, we

studied and modeled the effect of the global scale stress

introduced by the lattice damage on the formation of H-

platelets. In general, there is a tendency to find the crystallo-

graphic variant which is parallel to the surface, in the present

case the (001)-platelets. The experimental observations of

{111}-oriented platelets at the edges of the implanted layer

led to the speculation that the self-formation energy of

{111}-platelets is lower than that of {001}-platelets. In the

second part of the work, the effect of a local stress on the

nucleation of H-platelets was studied by introducing local-

ized stress field sources of nanometer scale. The observations

demonstrate that the nanoscopic strain fields of cylindrical

character determined the organization of H-platelets in a

fourfold distribution, and discrete arranged domains within a

solid matrix were then created. We developed analytical 2D

and numerical 3D models of the system based on elastic

interactions to modulate the formation energy of different

crystallographic variants of platelets. The obtained results

are in good agreement with the experimental observations.

The concept of using embedded local strain fields to manipu-

late precipitates has the potential to: (i) be further developed

to create specific arrangements according to the characteris-

tics of the strain source, and (ii) favor the formation of crys-

tallographic variants that are, in principle, unlike to be

formed due to a higher self-energy, as it is the case of (001)

platelets in Si, which appears only due to a favorable stress

configuration in the surrounding matrix.
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