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Silicon wafers have been implanted with hydrogen at high fluence. The kinetic evolution of the
buckling structures has been observed in situ by atomic force microscopy during a thermal
annealing at 200 °C. It is shown that the blistering of the silicon wafers occurs at the first stage of
the annealing without any noticeable threshold. The deflection of the blisters continuously
increases with time, and some blisters are observed to coalesce. The time evolution of the internal
pressure inside the cavities is finally determined from the blister dimensions with the help of an
elastic analytical model. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813858]

Implantation of semiconductors by light ions such as
hydrogen leads under specific conditions to the blistering of
the free surfaces."” This phenomenon has found numerous
technological applications such as the well-known layer
splitting via ion cutting process used to produce silicon-on-
insulator wafers.? It has been recently proposed as a way to
produce p-Ge/n-Si diodes® or silicon surface textures for
anti-reflexion purposes.” The possibility to transfer semicon-
ductor thin films over a large variety of materials has been
also found to be relevant with numerous applications.®”’

It is now well-established that the implantation process
results in the first stage in the nucleation of nanodefects, the
platelets, which may then evolve during thermal annealing.* "'
These defects are supposed to be the precursors of the blister-
ing phenomenon, with the appearance of micro-cavities in
which the pressure subsequently increases by diffusion of the
implanted species. Models based on the elastic theory have
been developed by the past to estimate the internal pressure
from the blister morphology and dimensions.'*™'* Moreover,
recent analytical developments in the framework of the Foppl-
von Karman theory have evidenced the combined effect of
pressure and stress in the implanted layers on the resulting blis-
ter deflection.'” Finite elements simulations allow also for tak-
ing into account plastic mechanisms that may occur in circular
blisters.'®'” No information is however still available concern-
ing the kinetic evolution of the blisters during the thermal
annealing. This is the aim of this letter to explore the evolution
of the internal pressure as a function of the annealing time,
which can give insight into the quantity of diffusing species in
the implanted bulk materials.

N-type Czochralski-grown (001) Si wafers (200 um
thick) were first implanted normally to the surface at room
temperature with hydrogen ions at 5 X 10"cm™? and
15keV. The Si specimens were then annealed in air under
the atmospheric pressure with a Peltier heater integrated to
an atomic force microscopy (AFM) sample holder. The tem-
perature was first increased as fast as possible (a few °C/min)
up to 200 °C. This temperature was then maintained, and the
surface was investigated in situ by atomic force microscopy
in contact mode. The AFM probe has scanned continuously
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the surface over the 102h of the experiment, and the
scan rate was fixed so that one AFM image can be acquired
every 3 min.

The kinetic evolution of the surface is shown in Fig. 1.
For convenience, the AFM images are presented in error sig-
nal mode. This type of AFM images is not calibrated in the z
axis but presents a great visual interest by fine detail
enhancements. The scan size of each AFM image is
20 x 20 ,umz. The surface feature (“X” in Fig. 1(a)) can be
used to position each image with respect to the others. As
expected, the blistering phenomenon results in a distribution
of circular structures homogeneously dispatched over the
sample surface. The density of blisters first increases rapidly
(see video linked at Fig. 1), so that the surface was saturated
by blistered parts after only a few hours (Fig. 1(d)). The blis-
ters continuously grew with the increasing time, and several
coalescences of blisters then occur (for instance, see the tran-
sitions from o; (or f;) to ap (or f) in Figs. 1(f)-1(h)).
Finally, it is observed after approximately 45h a “peeling”
phenomenon of the blisters first appearing as a fine cut on
the buckle (Fig. 1(j)). This feature develops then laterally so
that a layer, only a few nanometer thick, was removed from
all the blisters at the end of the annealing (102 h). This peel-
ing phenomenon has been recently explained by means of
chemical potential calculations, when surface diffusion is
activated.'® A competition between thinning down and
cracking of the blisters was evidenced to be controlled by the
internal pressure, and it is believed that the thin native oxide
layer at the Si wafer plays a key role in the observed
phenomenon.

The evolution of one characteristic blister (labelled A in
Fig. 1(c)) during the first stage of the annealing time is
shown in Fig. 2. Instead of a wide scattering of experimental
data, it is observed that the blister radius, R, increases contin-
uously up to approximately =600 min at which it remains
roughly constant. This suggests that the delamination of the
implanted layer rapidly extends laterally in the first stage and
is afterwards strongly limited (or prohibited) by the sur-
roundings blisters. A different behaviour is observed for the
maximum deflection of the blister, J. Contrary to the radius
evolution, the blister deflection was evidenced to increase
continuously. This behaviour was observed during the whole

© 2013 AIP Publishing LLC
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FIG. 1. Kinetic evolution of H-implanted Si surface during a thermal annealing at 200 °C. The scan size of the error signal mode AFM image is 20 x 20 um?.
The “X” surface feature can be used to position each AFM image from the others. (a) 2h36min, (b) 5h26min, (c) 6h59min, (d) 9h37min, (e) 13h38min, ()
17h53min, (g) 26h20min, (h) 30h20min, (i) 34h20min, (j) 45h20min, (k) 62h28min, (1) 102 h (enhanced online) [URL: http://dx.doi.org/10.1063/1.4813858.1].

annealing. It can be consequently supposed that the
hydrogen-diffusion is still active after more than 100h of
annealing at 200 °C. It is here underlined the nanometre scale
of the deflection compared to the diameter of the blisters
expressed in micrometers. This is characterized by a deflec-
tion over radius ratio, /R, lower than 1% during all the

8 (nm)
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FIG. 2. Time evolution of the radius R and the maximum deflection ¢ of a
characteristic blister during a thermal annealing at 200 °C.

evolution. Finally, it is shown that the J vs. ¢ curve is charac-
terized by several discontinuities that are regularly observed
in the first stage of annealing (see t; events in Fig. 3(a)).

The thickness of the delaminated/buckled layer was
determined post mortem after a second thermal treatment at
450 °C during 30 min. Under these experimental conditions,
the surface exhibits several circular holes that result from the
exfoliation of the blisters.'” The thickness & of the buckled
layer was determined by AFM and found to be homogeneous
and equal to 250 nm.

An analytical model has been developed to extract the
time evolution of the internal pressure from the experimental
results and the quantity of hydrogen diffusing into the micro-
cavities beneath the blisters. A flat circular plate of thickness
h and radius R is first considered, only submitted to an exter-
nal pressure pg due to the atmosphere. The plate is considered
as an isotropic and elastic solid in the following, with Young
modulus £ and Poisson ratio v. A penny shape cavity of same
radius lying underneath the plate is assumed to initially con-
tain a negligible amount of hydrogen. As the gas diffuses into
the cavity, the hydrogen quantity N(¢) increases leading to an
increased value of the internal pressure p(f). The deflection
d(t) of the blister increases as a result. The linear theory of
thin plates is used to describe the elastic deformation of the


http://dx.doi.org/10.1063/1.4813858.1

031908-3 Coupeau et al.
4 1 1 1 1
a ! ! i i
@) : ; : oo 1
i ‘ Py
: ; o % :
} : : o %% :
: Do : :
' : !
£ Do, et i i
€ Dot O : :
~— I ee 1 1 1
o e :
o e ! i :
o) | | |
1 .,0.’ ¢ 1 i i |
o ® i !
0 {
7 7 7 7
(b) i 3 E E
| | RN
37 ¢ | LS . o0 .‘..‘_2_:.:4
» | o ¢ ?’;—‘;—---@ ] " .
KISt Va . .
— T %%t T ! :
E ., S 1 | |
e ot =
x ! ! ! :
L . ; | .
0 : . : =
300 350 400 450 500 550
t (mn)

FIG. 3. First stage (enlargement of Fig. 2) of the kinetic evolution of a char-
acteristic blister during a thermal annealing at 200 °C. (a) Maximum deflec-
tion ¢ and (b) radius.

blister. For convenience the effect of internal stresses in the
implanted layers is not taken into account in the model.
Under the above assumptions, the circular thin plate submit-
ted to an internal pressure p and the external atmospheric

pressure p has the following out-of-plane displacement:'*2°
2
3 (p—po)R* r? A E
The maximum deflection of the blister thus writes
3 (- PO)R4

Finally, using the expressions of the elastic strain energy W,
stored in the thin plate and the work of pressure Wp,]9’20 the
energy release rate G of the blister can be written as

oo | (a(we+wp>) _3-p)R
- 27R OR =% 9

When lateral growth of the blisters occurs (i.e., for
G=T, with I' the fracture energy), the effective volume
underneath the blister increases. Depending on the diffusion
rate compared to the crack velocity, the pressure may conse-
quently decrease (or at least stay constant) leading to a maxi-
mum deflection that does no more increase with time. In this
context, the discontinuities evidenced in Fig. 3(a) can be
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defined as the signatures at which the blister lateral growth
occurred. Between the discontinuities, G < I'; only the blister
deflection evolution with constant radius is experimentally
captured. In this case, the R vs. ¢ evolution (Fig. 3(b)) should
be characterized by a “step-like structure” for which the blis-
ter radius increases gradually by plateau with the increasing
time. The average radius (R) of the characteristic blister for
each t; domain has consequently been used in the following.
(R) is found to be equal to 2.39 £0.31, 2.55=*0.17,
278 £0.13, 2.92 £ 0.18, and 3.11 = 0.13 um in the succes-
sive domains (horizontal dotted lines in Fig. 3(b)).

The time evolution of the internal pressure is directly
expressed as a function of the maximum deflection

(Eq. (2)) by

16 ER®
p :POJF?W& 4

The internal pressure has been plotted in Fig. 4. It is shown
that the pressure increases continuously in each domain, up
to a maximum value at which significant drops are observed.
Theses drops result from the occurrence of the lateral exten-
sion of the interfacial cracks (for G =1") leading to the sud-
den increase of the available volume below the blister. The
critical pressure for interfacial crack extension is found
roughly constant whatever the domains, ranging from 0.6 to
0.7 MPa. Finally, it was found that the blisters do not later-
ally extend anymore after t4 or only by coalescence phenom-
ena mentioned previously. As the hydrogen diffusion is still
active, the internal pressure in the microcavities below the
blisters continuously increases with no more evidence of
drops (Fig. 4). This strongly suggests that the exfoliation of
the implanted surfaces already observed in a large variety of
implanted materials>'""*' comes from a competition between
the continuous increase of internal pressure below the blis-
ters and a transversal fracture of the implanted layer all
around the circular blisters.

In order to estimate the quantity of hydrogen, N, diffus-
ing in the cavities, an ideal gas law is considered in the fol-
lowing. The volume V underneath the blister can be
computed from Eq. (1) as!?%0
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FIG. 4. Time evolution of the internal pressure p below a characteristic blis-
ter during a thermal annealing at 200 °C.
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sponds to the diffusion coefficient # is given in each part of the graph.
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The internal pressure is thus given by

1/2

77,3
_Po - 64kTER ’ ©)

2 7I<R>61702

with T the temperature of the ideal gas and k the Boltzmann
constant.

To explore the time dependence of diffusing hydrogen
quantity, a diffusion law of the implanted species is supposed
given by N(t)=a.r" in the following. Combining Egs. (2)
and (6), the maximum deflection writes for G < I

_ 1/2
5(0) = 3 (R)*py 64kTEh3atn / o o
= 32 Eh3 7T<R>6p02 .
4 _
Using A=3 <Ighf v —cte and B= —fj&if{f:f =cte,

2
In [((g) + 1) — 1} vs. In(?) has been plotted in Fig. 5. By

fitting the data with linear evolutions it is observed that the
coefficient n that characterizes the diffusion law gradually
decreases from the first stage of annealing (n ~ 8) to the final
regime for which n reaches 1. It strongly suggests that differ-
ent diffusion mechanisms could be activated in the hydrogen
implanted material.

In conclusion, the evolution of blisters in hydrogen
implanted silicon has been in situ observed during thermal
annealing at 200 °C. In the framework of elasticity, the val-
ues of the internal pressure in microcavities embedded in the
bulk materials have been extracted as a function of the
annealing time. It is found that successive increases and
drops of the pressure occur, supporting the idea of a competi-
tion between the hydrogen diffusion and the interfacial crack
extension of blisters. The neighbourhood blisters then

Appl. Phys. Lett. 103, 031908 (2013)

prohibit any further lateral extension leading to a continuous
increase of the internal pressure. This explains the further
exfoliation of free surfaces often reported in the literature,
by transversal crack propagation at the circumference of the
circular blisters. Finally, the time dependence of the quantity
of hydrogen diffusing from the silicon bulk to the microcav-
ities has been estimated from our modelling. It suggests that
different diffusion mechanisms may occur in the early stage
of annealing.

It is believed that experiments at higher in-plane resolu-
tion and temperature will give us insights into the various
diffusion mechanisms taking place in implanted materials.
Works are thus currently in progress to develop an original
apparatus allowing to follow in sifu by scanning tunnelling
microscopy under ultra high vacuum environment the evolu-
tion of stressed surfaces in a large range of temperature,
from 100 to 700 K.

The authors would like to thank Romain Boijoux
(undergraduate student from the University of Poitiers) for
performing the thorough statistical analysis of the morpho-
logical shapes of blisters. This work pertains to the French
Government program “Investissements d’Avenir” (LABEX
INTERACTIFS, reference ANR-11-LABX-0017-01).
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