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In contrast to previous reports, where the modification of elastic constants of semiconductors
irradiated with heavy ions was related to crystalline to amorphous transition, here we show that
hydrogen implantation causes a dramatic modification of the shear modulus of Si at relatively
low levels of crystalline damage. To study the system, we developed an alternative and rather
general method to determine the shear modulus of the buried implanted layer. We use elasticity
theory to link two simple measurements: (i) the wafer curvature to extract the in-plane stresses and
(i1) x-ray diffraction to determine strains in the implanted layer. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4828659]

Silicon-On-Insulator (SOI) is a fundamental substrate
for building high-performance and low-power portable
electronics, including innovative 3D architectures of
Metal-Oxide-Semiconductor-Field-Effect-Transistors.'
SmartCut™, the technology allowing the fabrication of such
engineered substrates by layer separation and wafer bonding,
is based on hydrogen and/or light gas ion implantation.*
Essentially, the bombardment with H" produces a buried
damage layer in the Si substrate at a typical depth of a few
tens to hundreds of nanometers, depending on the accelera-
tion voltage of the ions. The H-rich layer created contains
disruptive crystalline defects ranging from broken Si-Si
bonds passivated by H, to vacancy-hydrogen complexes and
small clusters of point defects such as spherical and
plate-like cavities filled with gas.*™'! Upon annealing, larger
defects in the form of nanocracks are observed. Nanocracks
evolve into larger microcracks,'>!? resulting in a complete
and catastrophic fracture of the wafer along the implanted
layer.'® Different studies have described the thermal evolu-
tion of the microstructure, where the elastic energy and, in
general, the mechanics of the system play an elemental
role.'®'*"'® An aspect, which has been less explored, is the
extent to which the irradiation damage modifies the elastic
properties of this system. In intermetallic compounds, for
example, modification of the elastic properties was observed
after irradiation with heavy ions at high energy regimes
(typically > 1 MeV)."”° In semiconductors such as Si, Ge,
and GaAs, a change of the elastic constants by irradiation
with heavy ions has been linked to extremely high levels of
damage, where a crystalline to amorphous transition of the
material occurs.”' >

Here, we investigate the modification of elastic proper-
ties in light ions/low energy implanted Si crystals. For this,
we developed a method that relies on elasticity theory to
combine the in-plane biaxial stress obtained by measuring
the wafer curvature, with the corresponding orthogonal
lattice strain measured by x-ray diffraction (XRD). The
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experiments were performed in (110) Si crystals implanted
with H at different fluences. In contrast with the previous
literature, we show that for relatively low levels of damage,
the implantation of H causes the shear modulus of the
implanted/damaged crystal to decrease significantly, and we
quantify the change. Additionally, Secondary Ion Mass
Spectroscopy (SIMS) was used to establish the correlation
between the lattice strain and the local concentration of H.
For high fluence regimes, strain increases faster than the
H-concentration. From elasticity theory, the behavior can be
explained either by an evolution of the volume dilatation per
implanted ion or by an evolution of the Poisson ratio of the
material with accumulated crystal damage.

Czochralski grown 300 mm (110)-Si wafers of 725 um
thickness were implanted with H" ions at 32keV to the
fluence @ of 0.25, 0.5, 1,2, 4, and 6 x 10" H"/cm®. The sub-
strates were kept at 20°C during implantation. The
depth-concentration profiles of H were measured by SIMS
using a Cs™ beam and an energy of 12keV. The introduction
of H and lattice disorder associated with the implantation
process results in an average dilatation per implanted ion of

H
the Si lattice (A—‘Y) where V is the volume of a Si lattice

cell and AV is the average change of cell volume per
implanted ion. Assuming that the average dilatation is iso-
tropic over a large number and possible configuration of
defects,26 the substrate stiffness imposes a restriction to
relaxation along the directions parallel to the surface. This
gives rise to a compressive in-plane stress. By Poisson reac-
tion, a tensile out-of-plane strain &, develops in the layer,

written as>’
1 + Vi
e =—¢ (1 - u,-> , (1)

where v; is the Poisson ratio of the damaged layer and the

H
in-plane elastic strain e = —% (AVV) N with N¥ the aver-

age number of H atoms per Si lattice unit. To determine ¢ ,
the substrates were investigated by XRD.?®° Longitudinal

© 2013 AIP Publishing LLC
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0/20 scans in the vicinity of the 220 Bragg reflection were
performed at the BM32 beam line of the European
Synchrotron Radiation Facility (ESRF), using a beam energy
of 18keV. The incident beam divergence was typically
0.05mrad with an energy resolution of AE/E=10"".
Simulations of the XRD curves, to reconstruct the
depth-distribution of strain in the materials, were done using
a web-based code provided by the Argonne National
Laboratory.>!

The in-plane strain ¢ developed in the implanted region
is associated with an in-plane stress ¢. Provided that the im-
plantation process modifies a superficial region which is thin
compared to the thick substrate, we can use Stoney’s equa-

tion®” to calculate the mean value of stress in the layer o""""“"

by measuring the curvature of the implanted wafers. This
curvature was determined by monitoring the wafer-bow
according to the Semiconductor Equipment and Materials
International ~ Standards.®®  For this, we wused a FRT
MicroProf® tool with a non-contact optical sensor to measure
the distances Z of the central point of the wafer to a reference
situated in the plane of support. The procedure is done on
both sides of the wafers to remove the effects of gravity. The
effective radius of curvature R of the wafer is defined as

1= (W), with D being the diameter of the wafer and

R
B = M the wafer bow. The subscripts Bi and Ai stand

for before-implantation and after-implantation while FS and
BS for front side and back side of the wafer.

The XRD spectra for the six implanted substrates are
displayed in Fig. 1(a). The principal diffraction peak at q,
represents the 220 reflection of the pristine Si substrate. For
g<gq, we discern scattered intensities characterizing the
presence of larger out-of-plane interplanar distances d. The
observed fringe patterns are signatures of a variation of d
following a Gaussian-like distribution.”*° The maximum
out-of-plane strain &% can be roughly estimated from the
position of the fringe most distant from the Bragg’s peak,
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indicating that strain increases with the implanted fluence.
However, to extract precise values, and the complete
depth-distribution profile of strain, a full simulation of the
spectra is needed.

In Fig. 1(b) we display, for all the implanted fluences,
the modeled depth-distribution profiles of ¢, (full lines), and
the depth-concentration profiles of H measured by SIMS
(dashed lines). For low fluences, up to ® =1 x 10'°H/cm?,
we observe a correlation between the evolution of strain and
H-concentration (curves overlap). For fluences higher than
O=2x 1O]6H/cm2, the trend is not the same: strain
increases faster than the H concentration. In the graph in
Fig. 1(c), we plotted the integrated out-of-plane strain, which
is also the vertical displacement of the surface, or swelling
u’, given as

u, = Ja 1 dz, )
with the direction z being normal to the substrate surface.
The term [ ¢, dz is obtained by integrating the area below the
strain profiles in Fig. 1(b). Up to ~I x 10'®H/cm?, we
observe a linear relation of ' versus ®. For ®> 1 x 10'°
H/em?, u’, grows faster, changing the slope of the quotient.
For the highest fluence ® =6 x 10'® H/cm? the displacement
of the surface reaches ~2.5 nm.

In Fig. 1(d), we display the peak values of vertical strain
eM4X versus the local concentration of H for the different
implanted samples. As for the displacements, strain increases
linearly at low fluence regimes. From &YX ~0.055% at 0.36
at. % of H (®=0.25x 10'°H/cm?) it rises up to sAfAX
~0.21% for 1.42 at. % (® =1 x 10'®H/cm?). For higher flu-
ences, we observe a deviation, with strain developing faster
and reaching up to ¢/4X ~2.8% for a peak concentration of
11.2 at. % of H. The slope of the deviation is higher for &//4X
than for , (Fig. 1(c)). The latter includes the contribution of
all strained regions, indicating that the effect is pronounced

(a) 100 £ T T ] (C) T T T T T T T
H32keV 6x10"
——H32keV4x10"° F —25
10 ¢ H32keV2x 10" E
H32keV1x10" 2
= 4 —H 32keV 0.5x 10 y [ 7
2 L " \ 4 .
5 H 32kev 025 x10 i lis oz FIG. 1. (a) XRD spectra of H-implanted
g oal . ] = (110) Si around the 220 reflection of the
- L 410 of Si substrate. (b) Strain profiles in H-
001k ~\/ 4 implanted Si reconstructed from the
: r 1° XRD curves in Fig. 1(a) (solid lines) and
0.001 E | _/_,-/E/ 1o the profiles of depth-concentration of H
. . . . . . . measured by SIMS (dashed lines). (c)
315 3.20 wi 3.25 3.30 0 ! 2 8 , 4 B 5 6 Plot of the integrated strain u,. (d)
‘ Fluence (at/em” x 107) Maximum values of out-of-plane strain
0.030 . .
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H32keV2x 10" ) 48 2 r H32keV 1x 10" 1 p P 3 AV g
vom 132 keV 1 x 10 % . H32KeV 2 X 10" that v; do not change and (5] is con-
020 H32keV05x10"° 1 % L i . .
H 22 KoV 0,28 ¢ 10° . S = H32keV4x10° 0020 stant and determined from the linear
- 18 = H 32 keV 6 x 10 . . .
£ oots | 12 L 10015 E region of the experimental data; i.e., for
a . S @ a concentration of H< 1.42 at. %. The
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0.010 | = r 40010 different fluences are indicated by the
18 I bol scheme of the legend
2 0.005 color/symbol scheme of the legends.
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in the zones of higher H-concentration. From the linear part
of the curve (i.e., <1.42 at. %), and taking v;=0.21 for
(110) Si, we can use Eq. (1) to estimate that the average dila-

H
tation induced by implanted H ions is (ATV) ~0.03. Then,

in Fig. 1(d), we plotted the expected linear behavior of &,eqr

H
versus H-concentration assuming that (A—Vv) is independent

of the H-concentration (dotted line).
In Fig. 2, we display the values of the biaxial in-plane
stress in the film determined from the wafer bow measure-

ments. The results are expressed in terms of*>
f 2u,(1 2
[ s =2t AL ®
0 (1 — VS)6R

where #; and t; are the thicknesses of the implanted layer and
substrate, (i, is the shear modulus of the substrate (taken as
69 GPa) and v, =0.21 stands for the Poisson ratio of the sub-
strate. The negative aﬂ”"””t; values show that the implanted
region is under compressive stress. A linear increase of this
stress is observed up to ®=2x 10'"°H"/cm? In contrast
with the increasing out-of-plane strain, for high ®, the stress
tends to saturate.

Analyzing the results obtained from XRD and SIMS, for
high fluence regimes the difference between the experimen-
tally measured out-of-plane strain and the expected values
following a linear extrapolation from low fluences Ac)
=g, — ¢ (Fig. 1(d)) can in principle have two possible
physical origins: (i) an evolution of the average Si lattice dil-

H
AV
\4

Poisson ratio of the damaged material (see Eq. (1)).

For the case of H implantation in Si, strain was shown to
be intimately related to the depth concentration of H which
is mainly found either in interstitial position or under
H-vacancy complexes. From a thermodynamic perspective,
an increasing density of such point defects created in the ma-
terial tends to favor clustering, thus reducing the interfacial
energy and eventually the occupied volume and elastic
energy of the system. However, different complex type of
defects formation and spatial distributions may generate an

atation per implanted ion ( or (ii) a change in the

ot (Pa.m)

-150 |

175 | = .

Fluence (x 10"%/cm?)

FIG. 2. Product stress-thickness ¢""““'t; determined from the measurements
of wafer bow for the different imp{amed fluences. The dotted line represents
a linear extrapolation from the points of low fluence.
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H
increase of (%) for high fluence regimes. Considering that

H
v; is invariant with fluence/damage, (A7V> must increase

from approximately 0.03 for low fluences up to ~0.055
when the peak concentration of H reaches 11.2 at. %.

Considering the second hypothesis, where %
remains linearly related to @, we can calculate the change in
VMAX which accounts for the change in the measured &A%,
When ¢, first deviates from the linear relation found for low
fluences, at the peak concentration of ~3 at. % of H, we
found that an increase of /"X from 0.21 to 0.28 would com-
pensate Ae. For peak concentrations of ~6.2 at. % and 11.2
at. %, vMX rises to 0.38 and 0.44, respectively. According to
this hypothesis, the material eventually approaches the
behavior of an incompressible solid (v =0.5).

The variation of the Poisson coefficient is consistent
with previous reports on elastic softening of materials under
irradiation, reporting that the elastic constants can vary inde-
pendently.?> Under elastic regime, the Poisson effect is
essentially a macroscopic convolution of the interatomic dis-
tance modifications between orthogonal directions of a mate-
rial under deformation. It contains therefore information on
the correlation between neighboring atoms. As a conse-
quence, perturbation of atomic bounds can impact the pa-
rameter. An increase in the Poisson ratio can be interpreted
here in association with the disruption of atomic links, or
crystal damage accumulation. In particular, the highest stres-
sed/strained region of the implanted layer contains a signifi-
cant density of lattice defects such as Si dangling bonds
passivated by H, hydrogenated vacancy complexes and
nanoscopic cavities. This could reduce the correlation of Si
atoms, and therefore the capacity to absorb elastic energy
and a change volume under deformation. In the case of 11.2
at. % of H at the region of maximum H concentration, with
an average of 0.8 H atoms by Si lattice, a large density of
uncorrelated Si atoms may be found. In the light of the pres-
ent results, however, we are not able to definitively conclude
whether the origin of Ag is from an increase in the lattice dil-
atation per implanted H ion, the increase of the Poisson ratio,
or a combined effect. I

The expression that relates both v; and (ATV) to the
in-plane stress ) is given by

2 (1 + 1) iy (AV)H

v “)

o) =73

3 (171/,')

and denotes that if o) tends to saturate with the implanted

H
fluence (Fig. 3), and v; and/or (A—Vv) increases, the shear

modulus f;,,, of the implanted layer reduces.

We have therefore studied the evolution of 4, by associ-
ating the measurements of ¢; from XRD with the stress deter-
mined from the wafer curvature. For this, the in-plane stress in

the implanted layer can be calculated from the XRD as*’-**
] o (U
J odz = —2/1%,[ &, dz, (5)
0 0
eff

where the effective shear modulus y;,,, is defined as a global
value over the implanted layer. Combining Egs. (3) and (5),
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FIG. 3. Plot of the shear modulus p change of the implanted layer with
respect to the substrate versus the implanted fluence. The right axis informs
on the value of the factor K.

off

we define the coefficient K relating y;,, to the shear modulus

of the bulk Si p,, as

K:%: __ Ut

(6)
Hsup 6(1 - VS)RML
It follows from Eq. (6) that if K=1 uffn’; is unchanged with

respect to ;. if K> 1 it increases, and if K < 1 it decreases.
The graph in Fig. 3 displays, for different fluences, the per-
centage of deviation of uf,i’;, from pg,,,. The right axis of the
figure is the value of K. This result shows that the shear mod-
ulus of the material is virtually unaffected by the implanta-
tions of H up to ®=1x 10'°*H"/cm? For ®>2x 10'¢

H'/cm?, we observe a reduction of ,u%, For instance, for
®=6x 10'°H"/cm? the value of ,ueff falls by a factor of

imp

two compared to the bulk Si. The local change in the highly
damaged region of the layer would be indeed higher than the
mean value. These experimental findings show that the ion
implantation of H considerably modifies the mechanical
properties of Si. This occurs at relatively low levels of crys-
talline damage compared to previous reports using heavy ion
implantation in semiconductors. The mechanical properties
of the material for a given fluence or H-concentration given
here are valid for the as-implanted state, and certainly associ-
ated to the particular crystal damage produced by
H-implantation.

The results presented here contribute to the understand-
ing of the H-implantation fracture of Si from a microme-
chanics perspective providing important inputs in terms of
the elastic properties of the material. The modification of
local elastic parameters would, for example, affect the criti-
cal fracture toughness K;c of the material, and therefore the
stress criterion for crack propagation for modeling the frac-
ture processes. Such information becomes relevant because
an increasing control of H-induced fracture of Si is necessary
to produce SOI with ultrathin Si top layer for advanced de-
vice applications.

In conclusion, we have studied the effects of lattice
damage introduced by H-implantation in Si on the local

Appl. Phys. Lett. 103, 181911 (2013)

mechanical properties of the material. For a series of
implanted fluences, we measured the depth profile of H-
concentration, the corresponding biaxial stresses and out-of-
plane strains in the implanted layer. We observed a supra-
linear behavior of strain for H-concentrations >1.4%. This
can be explained either by an evolution of the average dilata-
tion introduced per implanted ion or by an evolution of the
Poisson ratio of the material with increasing damage of the
crystal. Using elasticity theory to combine independent stress
and strain measurements, we show that H-implantation
causes a dramatic effect on the shear modulus of Si. The sim-
ple method developed here to study the modification of me-
chanical properties of Si under H-implantation can be
applied to other implanted systems/materials.
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