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Atomically Smooth Stress-Corrosion Cleavage of a Hydrogen-Implanted Crystal
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We present a quantum-accurate multiscale study of how hydrogen-filled discoidal ‘“‘platelet’” defects
grow inside a silicon crystal. Dynamical simulations of a 10-nm-diameter platelet reveal that H,
molecules form at its internal surfaces, diffuse, and dissociate at its perimeter, where they both induce
and stabilize the breaking up of highly stressed silicon bonds. A buildup of H, internal pressure is neither
needed for nor allowed by this stress-corrosion growth mechanism, at odds with previous models. Slow
platelet growth up to micrometric sizes is predicted as a consequence, making atomically smooth crystal

cleavage possible in implantation experiments.
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Stress-corrosion cracking is a multiscale chemo-
mechanical phenomenon which poses very significant
challenges to atomistic simulation techniques. Its model-
ing involves dealing with chemical reactions localized at
preexisting flaws which both cause and depend on the
evolution of the stress field in the whole system [I].
While atomistic models in the size range of 10*~10° atoms
are necessary for this class of problems, the direct use of
uniformly quantum-accurate models is computationally
too demanding. For this reason, despite the very large
relevance of stress-corrosion phenomena in materials
physics and technology, no quantum-accurate dynamical
study of mechanically driven chemical reactions occurring
in an extended defect embedded in a brittle matrix has been
presented to date.

Here we use a multiscale approach based on a dynamical
“quantum-classical (QM/MM) embedding” technique [2]
to model the growth of about 10-nm-wide, 1-nm-thick
disk-shaped defects which form after targeting high purity
crystalline silicon samples with high doses of hydrogen
[3,4]. Experimentally, annealing at 400-500 °C determines
the growth of these hydrogen-induced platelets (HIPs)
[5,6] yielding the formation of micron-sized cracks
roughly parallel to the surface [3,7]. This process can be
used to slice brittle crystal samples into thin layers bonded
to suitable substrates [8], e.g., to produce silicon-on-
insulator devices from (100) Si wafers [9]. While a thor-
ough understanding of the complex mechanism of HIP
growth would be highly desirable to control the crystal
cleavage process with atomic-scale precision, this mecha-
nism remains a matter of speculation [3,4,10]. So far, HIP
growth has been modeled by using continuum mechanics
and has been assumed to proceed through supercritical
crack propagation induced by the internal pressure exerted
by H, molecules filling the HIPs [11-14]. However, this
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assumption is not consistent with the experimental produc-
tion of nanometer-smooth (100) cleavage surfaces [8,15],
since (111) and (110) would be the natural cleavage planes
of pure Si [16,17].

To solve this apparent contradiction, in this work we
simulate the thermal evolution of a realistically sized
(100) HIP. To this aim we extend the ‘‘learn-on-the-fly”
(LOTF) hybrid quantum/classical molecular dynamics
(MD) scheme [2], which is specifically suited to investigate
extended defects in brittle materials [18], to tackle hetero-
geneous, nonelemental systems [19]. In our implementa-
tion, a mobile and chemically active QM region, described
by the density functional tight binding Hamiltonian [20], is
seamlessly embedded into a larger system described by the
Stillinger-Weber interatomic potential [21]. Consistent
with experimental [4,5,22,23] and previous theoretical
[24,25] studies, our platelet models are composed of two
facing 10-nm-wide dihydride-terminated internal (100) Si
surfaces obtained by either replacing an array of Si-Si
bonds with Si-H/H-Si bonds [7,25,26] or substituting
Si atoms from a (100) layer with terminating H atoms
[24,27,28]. Each platelet is embedded in a bulk silicon
matrix, leading to model system sizes of up to 35000
atoms [Figs. 1(a) and 1(b)].

After LOTF geometry optimization (details of the meth-
ods are reported in Refs. [19,29]), irrespective of platelet
orientation and structure, the relaxed platelet surfaces repel
each other. Calculating the atom-resolved stress tensor as
in Ref. [30] yields moderate compressive residual stress
components along the [010] y axis in the central region
above and below the HIP [Fig. 1(c)]. Regions of highly
intensified fensile stress occur in the vicinity of the plate-
let edges, with maximum o, values up to 16-18 GPa
[Fig. 1(d)]. Interestingly, we obtain practically identical
stress intensities and distributions for platelet diameters
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FIG. 1 (color). (a) Atomistic model of a (100) HIP at the center
of a 35 X 35 nm? bulk Si model system. One Si cubic primitive
cell is repeated along the periodic boundary condition (PBC) z
direction (either [001] or [101]). The surfaces perpendicular to x
and y are instead unconstrained. The LOTF QM region com-
prises the Si atoms depicted in red and all H atoms. (b) Enlarged
picture of a HIP’s left edge. (c) Distribution of the o, compo-
nent of the atom-resolved stress tensor for the relaxed HIP
system. The color palette ranges from red (tension) to blue
(compression) and is limited to the stress value interval
—4.0 GPa = 0y, = 4.0 GPa. (d) Cross sections of o, near
the HIP edge for different platelet configurations and orienta-
tions. Si-2H and Si-H refer to the dihydride and monohydride
HIP surfaces, respectively. V indicates the HIP model obtained
by coalescence of hydrogenated vacancies.

ranging from 2 to 10 nm [29]. This suggests that the
strength of the stress field in front of the HIP edge is
completely determined by the repulsion between the pla-
telet surfaces in a limited region close to its edge, if no
external pressure source is present.

Our calculated 3.5% strain of the relaxed edge Si-Si
bonds is considerably lower than the typical Si-Si bond
critical strain for fracture (~25% [17]). However, it may
still be sufficient to promote occasional temporary bond
breaking during high-temperature annealing. To address
this issue, we carry out several MD simulations at the
typical experimental annealing temperature of 800 K. No
relevant process occurs in regions of the platelet surface
where all Si dangling bonds are fully H-terminated.
However, we consistently observe that the presence of
one or more unsaturated dangling Si bonds triggers a
dihydride-to-monohydride reconstruction of the internal
surfaces, accompanied by the formation of H, molecules
inside the HIP, as hypothesized in Refs. [15,31] (Fig. 2).
Crucially, the reaction leaves behind a novel unsaturated
Si-H group ready to start yet another ‘“‘reconstruction/H,
formation™ step. This indicates that H, formation will
occur spontaneously, sustained by H diffusion into the
platelet from the surrounding H-supersaturated Si matrix.
This mechanism is confirmed by a series of density func-

FIG. 2. Formation of H, during the dihydride-to-monohydride
reconstruction of the HIP surfaces. An unsaturated Si-H group
approaches an adjacent doubly hydrogenated Si atom (a), pro-
ducing an intermediate H-Si-Si-2H structure (b). Later, one of
the two H atoms bound to the overcoordinated Si atom desorbs
and binds to a H atom of a neighboring Si-2H group, producing a
stable H-Si-Si-H dimer, a free H, molecule, and a novel unsatu-
rated Si-H group (c).

tional theory (DFT) calculations [29] and supported by
Raman spectroscopy, IR spectroscopy, and forward recoil
scattering experiments [4,32].

During further LOTF annealing simulations, some of the
H, molecules reach the platelet edges. Here, we observe
one of the strained Si-Si bonds [connecting the red atoms
in Fig. 3(a)] to break, while a H, molecule diffuses close to
the two Si atoms [blue in Figs. 3(a)-3(c)]. The molecule
eventually dissociates [Fig. 3(d)], irreversibly saturating
the newly formed Si dangling bonds. This is consistent
with the barrierless H, dissociation observed in the prox-
imity of strained Si-Si bonds of small H,/Si defect systems
[33]. DFT calculations on a 90 Si atom (sub)system mod-
eling the edge region of the HIP at a time immediately
preceding the Si-Si bond breaking yield a 1.2 eV net
driving force for the breaking event [29]. Since the for-
mation of the new hydrogenated surfaces is endothermic in
a stress-free system (by 0.25 eV per surface Si atom in our
DFT calculations on free surfaces), this enthalpic gain
must be a consequence of the local relaxation of the elastic
field in the platelet edge region.

In two further LOTF MD simulations on the platelet
system, stemming from the previous one, we remove the
H, molecule immediately before and just after the breaking
of the Si-Si bond, in both cases well before H, dissociative
chemisorption has a chance to occur. In these two cases,
the maximum distance between the two Si atoms is 3.0 and
3.7 A, respectively [Fig. 3(e)]. However, in both cases the
bond reforms shortly afterwards, indicating that H, is
necessary to make such breaking irreversible. Moreover,
hydrogen seems to play an active role in promoting the
Si-Si bond breaking of HIP edge atoms. For instance, the H
atom depicted in green in Fig. 3(a) is observed to hop from
a Si atom to a neighbor dangling bond [Fig. 3(b)] just
before the Si-Si bond-breaking event [Fig. 3(c)].
However, if this atom is prevented from hopping by apply-
ing a fixed constraint on the Si-H bond distance, the
approaching H, molecule is sterically hindered from
reaching the strained Si-Si bond, and no bond breaking is
observed [Fig. 3(e)].

These results reveal that platelet growth, ultimately
driven by the H supersaturation of the Si crystal matrix,
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FIG. 3 (color).

Stress-corrosion mechanism for the HIP’s growth. (a)—(d) Snapshots of the bond-breaking reaction from an 800 K

LOTF MD simulation (colors explained in the text). (e) Time evolution of the distance between the Si atoms pictured in red in (a)—(d)
(black line). The time axis zero is set to the moment the bond length exceeds 2.8 A just before bond breaking. The red and green lines
refer to additional simulations, where the H, molecule [blue in (a)—(c)] is removed from the system 180 fs before and 20 fs after the
bond-breaking event, respectively. The blue line represents the bond length evolution obtained if the H, molecule is not removed, but
the transfer of the H atom colored in green in (a)—(b) is prevented. (f) Evolution of the density p of H, molecules formed inside the
HIP, displayed as a function of the platelet radius r during platelet growth. The horizontal solid line indicates the initial value of the H,

density p,. The right-hand vertical axis coordinate is scaled so that the HIP radial velocity for ¢ = 10° Hz, in ms~

represented by its corresponding curve.

can proceed without a H, internal pressure, through a
series of stress-corrosive subcritical fracture propagation
steps including (i) the spontaneous formation of H, mole-
cules inside the HIP volume, (ii) the occasional breaking of
strained Si-Si bonds at the platelet edges promoted by the
arrangement and dynamical behavior of hydrogen atoms,
and (iii) the dissociation of H, at broken Si-Si bonds
making the platelet growth irreversible. Nevertheless, in
the mesoscale models proposed to date [11-14], the HIP
growth has been assumed to proceed via supercritical
fracture propagation induced by the internal pressure ex-
erted by H, molecules within the platelets, irrespective of
their size. In this case, stress corrosion will still contribute
to fracture propagation but may possibly not be the domi-
nant propagation mechanism. We note, however, that H,
dissociation at the HIP perimeter counteracts the formation
of H, molecules on the platelet internal surfaces, and the
relative rate of these two processes depends on the platelet
size. It is therefore not obvious that any significant H,
pressure buildup can actually occur in small platelets.

To investigate the balance between H, formation and
dissociation and the possibility of H, pressure buildup
effects, we model a HIP as a horizontal disk of radius r
with constant vertical thickness. We consider a surface H,
density p, representing the number of H, molecules inside
the HIP per unit section area. This can be assumed to be
spatially homogeneous at all times due to the high diffu-
sivity of H, inside the platelet. In particular, the H, self-
diffusion coefficient is a few orders of magnitude larger
than the diffusion coefficient of H in crystalline Si [34]. If
we define an ‘‘active” distance o from the HIP edges
within which H, molecules can spontaneously dissociate
(typically taken to be the sum of the Si and H covalent
radii), we find that, as r grows by successive stress-
corrosive events, its time derivative can be expressed by

! units, is

i = (£o0m~)p (derived in Ref. [29]). In this first-order
reaction kinetics, the crack front propagation speed 7 is
directly proportional to the H, reactant density p. The
proportionality constant is given by the probability per
unit time ¢ for an active molecule to accomplish a stress-
corrosion step, and by the geometric factors o and 7, the
latter being the number of H, molecules required to satu-
rate the newly formed monohydride (100) Si surfaces, per
unit platelet area (6.68 molecules/nm? [29]).

The time variation of p can be modeled by p = k —
2(éor Yp —2(£0r 'n")p? (see Ref. [29]), where the
first right-hand term is the number of molecules forming in
the platelet per unit of time and HIP area, the second term
represent the loss of H, molecules due to dissociative
chemisorption at the HIP’s circular perimeter, and the third
term accounts for the H, density decrease due to the
platelet’s area increase. The H, formation rate k is ulti-
mately limited by H diffusion in the bulk Si matrix [3,5]
and is estimated by a continuum diffusion model [29].
Using D = 107% cm?s™! as an upper bound estimate for
the diffusion coefficient of H in crystalline Si at 800 K [35],
we obtain k=~ 10" nm 2s~!. Similarly, we estimate a
lower bound &, =5 X 10° Hz for the stress-corrosion
event rate from density functional tight binding calcula-
tions on the 90 atom model already used above [29].

We solve the two coupled differential equations numeri-
cally, by using an initial HIP radius of 5 nm. This leads to
the p(r) dependence shown in Fig. 3(f) for three & values in
the 10°-10'" Hz interval. The initial H, density is arbi-
trarily set to p, = 6.68 nm~2, corresponding to complete
dihydride-to-monohydride reconstruction of fully satu-
rated HIP surfaces. In all cases, the H, density decreases
very rapidly during an initial transient stage, and a mini-
mum is reached at a radius value close to 8 nm, after which
p increases again with increasing slope. Crucially, even for
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& =~ 10° Hz, i.e., a fifth of our estimated lower bound, the
initial p, value is recovered only for platelet radii larger
than 435 nm. The same behavior is obtained irrespective of
the initial density used, as any excess molecules initially
present inside the platelet would readily dissociate and
chemisorb at the platelet edges, due to the large perimeter
to surface ratio in small HIPs. Even assuming a H, density
as high as p, a simple calculation based on the ideal gas
law would produce an estimated internal pressure lower
than 200 MPa. According to linear elastic fracture me-
chanics [14], a 200 MPa internal pressure in a penny-
shaped crack with 1 um diameter yields a stress intensity
factor K; = 0.16 MPa\/m, which is less than one-fifth of
the Si fracture toughness [16]. This suggests that super-
critical fracture could occur at the HIP edges only for H,
densities much larger than p,. However, for submicromet-
ric HIPs this is ruled out by the kinetics of the stress-
corrosion reaction.

Our results thus indicate that pressure-induced supercri-
tical HIP growth does not take place for platelet diame-
ters smaller than about 1 xm. HIPs are instead expected to
grow via a subcritical stress-corrosion mechanism, pow-
ered by stress intensification at the platelet edges, with ini-
tial growth speeds of a few mm s~ [Fig. 3(e)]. This is con-
sistent with the remarkably slow platelet growth observed
experimentally [5,6,36]. Moreover, a slow stress-corrosion
growth is expected to produce a system of parallel platelets
whose internal surfaces are entirely free from the ridgelike
corrugated structures typically created in Si by high-speed
propagation instabilities [18]. Indeed, careful atomic force
microscope observations [8,15] reveal smooth cleavage
surfaces after HIP growth and final sample failure, with
rms roughness of the order of 1 nm.

In conclusion, our findings suggest that, while hydrogen
implantation still ultimately provides the net thermody-
namic driving force for cleavage, it is the kinetic aspects
of HIP growth, with its specific coupling of chemical and
elastic processes yielding slow accretion, which drive the
formation of the remarkably smooth cleavage surfaces
obtained in the experiments. While similarly slow initial
HIP growth is expected in any host matrix where stress
corrosion provides the main growth mechanism, these
results have direct and straightforward implications on
the fundamental limits of the Si ion-cut technique. For in-
stance, there is a considerable gap between the
~10"" ms~! initial HIP growth speed obtained in the
experiments [6] and the ~1072 ms™! upper bound for
the same quantity estimated in this work. This indicates
that limiting the diffusion of hydrogen feedstock into a
growing platelet could provide a simple way to produce
micrometer-sized atomically flat hydrogenated Si surfaces.
At the opposite, technological extreme, any means of
accelerating the transport of hydrogen to the platelets
through the silicon matrix could, in principle, very signifi-
cantly accelerate the cleavage process without compromis-
ing the smoothness of the final surfaces.
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