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It is experimentally shown that silicon is “easily” amorphized by low-keV H ions at the relatively high
temperature of 150 K and for an ion fluence equivalent to �1 DPA �displacement per atom�. The a-Si layer is
much more stable against recrystallization than a-Si produced by other ions and more stable against chemical
modification than c-Si that is H-implanted at room temperature. These results are unexplained by the current
atomic collision theory, including molecular-dynamics simulations, but they demonstrate the stabilizing effect
of dangling bond passivation by H atoms in postulated, metastable, amorphous droplets.
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Silicon amorphization by charged particle beams is an
experimentally well-established phenomenon.1–3 The condi-
tions required for its occurrence, i.e., minimum particle flu-
ence �A, beam energy, and sample temperature during irra-
diation, vary greatly with particle mass. Heavier ions
amorphize Si at and above room temperature �RT� for low
�A values of the order of 1014 ion cm−2.4 Amorphization at
temperatures up to RT is also observed with ions as light as
B+ but, for these, �A increases rapidly with temperature
above �100 K.4 Amorphization by Li �Ref. 4� and He
�Ref. 5� ions has only been seen at LN2 temperature. Finally
amorphization by electrons requires beam energies
�1 MeV, temperatures �100 K, and temperature-
dependent �A values �1022 cm−2.3 Two obvious factors ex-
plain the gross trends of these results: the magnitude of the
Coulomb �or screened Coulomb6� collision cross section and
the maximum energy transfer to primary recoils, TMAX. They
can be factored out, allowing the study of more subtle ef-
fects, by using concepts based on atomic collision theory,
i.e., the density of energy deposited into recoils, EREC �ex-
cluding electronic losses�, energy deposition per atom, EA
=EREC /N �N=atomic density�, displacement energy, ED, and
atomic displacements per atom �DPA�.7 In binary collision
descriptions of the collision cascade, e.g., the Kinchin-Pease
�KP� model,8 the DPA �EA /2ED, provided that the condition
T�2ED apply to most primary collisions.7 For Si,
ED�15 eV.9 On this basis, the different results have been
discussed in terms of models such as collision cascade
overlap,1,2,4 critical energy deposition,4,10,11 or critical defect
density,5,12,13 thermal spikes,14 and direct amorphous pocket
formation by single ions.1,10,15–19 Another point of consider-
able interest is that as-implanted a-Si is actually metastable
and transforms at 300 °C–400 °C into a more stable form
which, in turn, recrystallizes epitaxially at
500 °C–600 °C.5,20

Conspicuously absent in the literature is the investigation
of Si amorphization by H ion beams, in spite of the crucial
information it could provide concerning the mass depen-
dence and the role of Si-H chemistry. Moreover, H-induced
amorphization would create new opportunities as well as
new constraints in microfabrication processes such as ion
slicing and thin-layer transfer.21,22 Yet, there are only impre-

cise and contradictory data.23,24 This overlook is perhaps an
effect of the widely prevalent belief that H-ion-induced a-Si
formation would be practically impossible or at least “not
easy.” Indeed, model-based data extrapolations4,10,13 imply it
would require cryogenic temperatures and EA�ED or,
equivalently, a DPA�1. Here we report transmission elec-
tron microscopy �TEM� results which show, on the contrary,
that Si is “easily” amorphized by low-keV H-ion beams, that
is, for a low DPA�1 and a relatively high temperature of
150 K. Moreover, the as-implanted a-Si formed is highly
stable. A Raman study of the Si-H bonding configuration
during annealing shows that it hardly evolves �contrary to
what is observed in c-Si �Refs. 25 and 26��, and the TEM
results indicate that our a-Si recrystallization rate is 2 orders
of magnitude smaller than that of the He-implanted a-Si.5

In the present work, 5 keV H or D ions were used. The
samples were maintained at 150 K during implantation. They
consisted of Cz-grown, 1–10 � cm resistivity, n-type �001�
Si-wafer pieces. The ion fluences were 6	1016 cm−2, result-
ing in H �D� profiles with peak atom concentrations of
�15% �11%�, full width at half maximum of �63 �87� nm,
and mean range of �75 �95� nm, as computed by SRIM

�Ref. 9� and verified by elastic recoil detection;27 computed
H and D depth profiles are shown in Figs. 1�a� and 1�c�.
After standard cross-section preparation including thinning
by ion milling, pieces of the samples were observed by trans-
verse section electron microscopy �XTEM� at medium mag-
nification and at high-resolution �HRXTEM�, using Philips
CM 20T and JEOL 4010 microscopes operated at 200 and
400 kV, respectively. On other pieces, the spectra of the local
modes of Si-H/D stretch vibrations �1900–2250 cm−1 and
1350–1675 cm−1, respectively� were acquired using a 514.5
nm Ar-ion laser in a LabRam HR800 Raman spectrometer
�from Horiba Jobin Yvon�. The same pieces were then an-
nealed at high temperature to investigate the stability of the
defects and of the eventual amorphous regions.

Under the above conditions, considerable amorphization
does take place. With H ions, as seen in Fig. 1�a�, a lighter
band, 50
4 nm thick and due to a-Si, appears under the
thin surface layer �22
5 nm�. Close examination reveals
scattered tiny dark spots in the a-Si layer, interpreted as Si
nanocrystals; their volume fraction is negligible. HRXTEM
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�Fig. 2�a�� shows that the first interface �c-Si /a-Si� is rough
and contains relatively large inclusions of c-Si in a-Si and
vice versa. The second interface �a-Si /c-Si� rests, perhaps
fortuitously, at about the peak in the H concentration �75
nm�. With D ions �Fig. 1�c�� the amorphous zone starts right
at the surface and extends down to 101
2 nm. Again, the
second interface happens to nearly coincide with the peak in
D concentration �95 nm�. The layer thickness measurements
are summarized in Table I. Beyond the a-Si layer, a zone of
heavy damage is apparent.

Let us first consider these results in terms of the critical
energy density model,4,10,11 i.e., critical EREC. The local val-
ues of EA can be calculated using the EREC values given by

SRIM,9 �see also Figs. 1�a� and 1�c��. If we apply this scheme
to our data, we obtain the following values with H ions: at
the first interface �c-Si /a-Si�, EA�H�=18 eV /atom, and at
the second one �a-Si /c-Si�, EA�H�=19 eV /atom, values
close to the conventional ED=15 eV, and comparable to the
12 eV/atom �Ref. 4� to 20 eV/atom �Ref. 10� obtained at 80
K or with heavy ions. It implies that little dynamic annealing
took place during the implantation at 150 K. In the case of D
ions, at the surface, SRIM gives EA�D�=30 eV /atom, consid-
erably above the threshold found for H, thus explaining why
the amorphous layer reaches the surface. However, at the
second interface, EA�D�=41 eV /atom is found, yet the ma-
terial reverts to the crystalline form. These findings demon-
strate the very approximate character of the simple approach
in the present case.

To estimate the critical defect density for amorphization,
one cannot use the simple KP formula because the typical
energy of primary recoils does not satisfy T�ED; this can be
seen in Table II, where the contributions to EREC of recoils in
different energy ranges are displayed. Instead we use SRIM in
the full cascade simulation mode with ED=15 eV. For H,
SRIM gives 6.8 displacement/ion within the �110-nm-thick
implanted layer �Fig. 1�a��, equivalent to 0.7 DPA, and for D,
19.4 displacement/ion within �140 nm or 1.6 DPA. These

TABLE I. Thicknesses of the c-Si and a-Si layers for H- and
D-implanted Si, as-implanted or after annealing at 825 K for 300 s.

Layer

Layer thickness �nm�

H as-implanted H annealed D as-implanted D annealed

c-Si 22
5 28
4 0 4–5

a-Si 50
5 42
4 101
2 95
2

TABLE II. The maximum T values and the relative contribu-
tions of different energy ranges ��T� to total EREC are compared for
5 keV H and D ions, 120–200 keV He ions and 2 MeV electrons.
The characteristic recoil energies of 2, 15, and 100 eV correspond
to the atomic binding energy, the displacement energy, and the
minimum energy to generate hot cascades, respectively. The dis-
played number is the integral of T�d� /dT�dT over the interval �T,
normalized to the total EREC. For H and D ions, the Lindhard-
Scharff-Schiøtt theory �Ref. 6� was applied using an effective ion
energy along the ion path of 3 keV; for 120–200 keV He, Coulomb
scattering was applied assuming an ion energy of 20 keV near the
end of range where damage production peaks; for 2 MeV electrons,
relativistic Coulomb scattering was applied �Ref. 7, p. 124�.

5 keV H 5 keV D 120–200 keV Hea
2 MeV
electron

TMAX �eV� 400 747 8740 459

�T �eV� Fraction of total EREC

2–15 0.27 0.20 0.24 0.43

15–100 0.50 0.38 0.23 0.39

�100 0.23 0.42 0.53 0.18

aIn the work of Ref. 5, the samples were successively implanted at
120 and 200 keV.
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FIG. 1. �a� XTEM images of silicon implanted with H ions at
150 K, as-implanted and �b� after annealing at 825 K for 300 s; �c�
and �d� are the corresponding images for D-implanted Si. In �a� and
�c� the depth profiles of the ions and of the energy deposition into
recoils �EREC� calculated by the code SRIM are superposed �arbitrary
intensity scales�.
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FIG. 2. �a� HRXTEM images in the vicinity of the surface for Si
implanted with H ions at 150 K, as-implanted and �b� after anneal-
ing at 825 K. The dashed line marks the postannealing a-Si /c-Si
interface.
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are comparable to the value for He at 77 K, namely, 1 DPA.5

Thus, H-induced amorphization is somewhat “easier” than
the He-induced amorphization, in spite of the higher tem-
perature and the fact that both the maximum and the average
recoil energies are smaller for H or D ions than for He ions,
see Table II. We also note in the table that 5 keV H ions and
2 MeV electrons give comparable maximum T and not too
different T distributions, yet the requirements for amorphiza-
tion are extremely different. Indeed, for 2 MeV electrons, the
critical DPA amounts to 5 DPA at 25 K, and it increases
rapidly with temperature to 13 DPA at 80 K and 35 DPA at
100 K; and for 1 MeV electrons, it reaches 130 DPA, always
at 25 K.3 Clearly, binary collision theory is insufficient to
account for the observed amorphization thresholds for light-
charged particles.

In the case of heavy-ion amorphization, characterized by
low critical DPA of order 1 even above LN2 temperature,
amorphous pockets with sizes of several nanometers have
been observed1,15,16 to be generated directly within single-
collision cascades. That process is understood to result from
the quenching of large and dense cascades in which the
“temperature” �average atom kinetic energy� is substantially
higher than the melting point of silicon. In the binary-
collision approximation, this mechanism requires primary re-
coils of at least 1 keV,13 so it cannot apply to our case, see
Table II. But some recent molecular-dynamics simulations
have suggested that the “1 keV criterion” can be relaxed.
Beck et al.17 showed that 100 eV recoils generated
�1-nm3-sized cascades in which a majority of atoms were
displaced and/or had a temperature �0.2 eV, i.e., above the
Si melting point. However, Hobler and Otto18 and Santos
et al.19 found that actual melting required a cascade tempera-
ture �2 eV, an order of magnitude higher than Beck’s 0.2
eV. So, although a non-negligible fraction of EREC for 5 keV
H and D ions is due to recoils with T�100 eV, i.e., 23%
and 42%, respectively �Table II�, according to the current
theory the conditions for direct a-Si pocket formation would
not be met in the present case. Besides, if they were for keV
H ions, they would also be met for MeV electrons which
give rise to similar recoil distributions �Table II�, in striking

contradiction with the data of Takeda and Yamasaki.3 How-
ever, the cited models do not take into account the chemical
reactivity of the implanted species.

The chemical role of hydrogen is investigated next. In
Fig. 3 are displayed the Raman spectra in the region of the
Si-H/D local stretch modes for the H/D-implanted amor-
phized samples and, for comparison, for still crystalline
samples implanted at RT with the same ion fluence �thin
lines�. For the latter, the Si-H spectrum peaks at high wave
number around 2115 cm−1; this mode has been shown to be
due to the Si-H2 stretch vibration for hydrogen dimers ad-
sorbed on internal Si�001� surfaces.25,26 Shoulders are also
present at 2030 cm−1 �H or H2 in divacancies, V2H1,2�,
2180 cm−1 �V2H6�, and 2235 cm−1 �VH4�. In contrast, in
the amorphized sample, the spectrum peaks at low wave
number around 2010 cm−1; this wave number is slightly be-
low that for V2H1,2 and above the single Si-H mode reported
for hydrogenated a-Si ��2000 cm−1�.28 Just as vacancies
and small clusters are stabilized in c-Si, similarly H attach-
ment to dangling bonds stabilizes a-Si. Note that the Si-H
band appears to be broader than in the case of H-implanted
a-Si.29 This comes from the overlap of different modes origi-
nating from c-Si and a-Si regions. Unlike Si-H, the Si-D
Raman modes seem to vary less with implantation tempera-
ture. The dominant mode at 150 K is observed around
1467 cm−1. To compare with Si-H modes, the frequency of
the Si-D spectrum was rescaled by a factor of 1.39 �dashed
line in Fig. 3�. The rescaled Si-D spectrum is shifted up by
�30 cm−1 compared to Si-H suggestive of H and D trapping
in different structures. The Si-D band most likely originates
from both single �Si-D� and double �Si-D2� bond modes.28 It
is also worth pointing out that H2 /D2 molecule formation
and agglomeration in multivacancies, as observed in RT
implantation,30 do not take place at 150 K, indicating a more
effective trapping of H/D.

We study next the high-temperature stability of the amor-
phous layers. Figures 1�b� and 1�d� display micrographs of
the H- and D-implanted samples after annealing at 825 K for
300 s. At both ends, in the H-implanted sample, recrystalli-
zation has taken place �Table I�, and the process is epitaxial
as shown in the high-resolution picture in Fig. 2�b�. Nano-
voids have appeared in the deeper part of the a-Si layers
�Figs. 1�b� and 1�d��. The heavy damage layers now show
platelets and cracks, which have evolved into large blisters in
the case of H but not D. The occurrence of blistering implies
that the very thin ��100 nm� and high-quality
c-Si /a-Si /c-Si multilayer structure created here could be
splitted off and transferred onto another wafer by the usual
“ion-cutting” process;21 this could have interesting applica-
tions, e.g., by taking advantage of the differences in the elec-
tronic and optical properties of the different layers.

The thermal evolution of the Si-H/D Raman spectra in
Fig. 3 is revealing. For H, at 775 and 825 K, the low wave-
number peak due to H chemisorbed in a-Si has decreased
considerably, possibly by evaporation of H2. The high wave-
number peaks due to Si-H2 on internal surfaces and V2H6
have emerged, albeit much more weakly than in RT-
implanted Si;26 those last modes are undoubtedly connected
with the c-Si beyond the a-Si layer since the lines are nar-
row. For D, the low wave-number peak remains surprisingly
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FIG. 3. Thermal evolution of Raman spectra of Si-H/D local
vibrational �stretch� modes. The spectra for H/D implantation at 150
K �thick lines� and at RT �thin lines� are compared. The dashed-
dotted line presents the rescaled Si-D spectrum obtained at 150 K.
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stable up to 775 K but disappears suddenly at 825 K. There
are thus some differences between the behaviors of the two
isotopes; there must be subtle differences in the atomic-level
structure of the a-Si layers produced by the two isotopes,
likely related to the higher energy of the D-generated recoils.
However, one fact is clear: abundant H and D remain bound
in essentially the same state in a-Si up to at least 775 K
whereas in c-Si, H and D undergo a whole series of transfor-
mations starting from �550 K.25,26 It thus appears that the
Si-H/D bonds in a-Si result in an increase in the thermody-
namic barrier against transformation. Indeed, the recrystalli-
zation rate in the H-implanted sample was found to have an
upper limit of �0.025 nm /s, much lower than that of a-Si
created by He implantation, which, at the same temperature
of 825 K, amounts to �1 nm /s for as-implanted Si, and
�0.1 nm /s for relaxed �annealed� a-Si.5 Moreover, in the
D-implanted sample, the recrystallization rate is even
smaller.

To conclude, we have demonstrated that low-keV H- or
D-ion bombardment amorphizes silicon rather easily at 150
K. A comparison with the cases of He and electron irradia-
tion leads to the conclusion that the requirements for H-ion
induced cannot be extrapolated from other data on the basis

of current theory, including sophisticated molecular-
dynamics computations of collision cascades17 and melting
of hot disordered pockets.18,19 Only tiny ��nm� and insuffi-
ciently hot �0.2 eV� disordered pockets can possibly be gen-
erated by H- or D-induced cascades. However, by attaching
readily to dangling bonds, H atoms raise considerably the
thermodynamic barrier required to revert to c-Si. We conjec-
ture that, in this way, incipient and metastable a-Si drops are
stabilized and can thus accumulate during the bombardment
until a continuous a-Si layer is formed. Moreover, as a con-
sequence, the amorphous layer is much more stable under
high-temperature annealing than layers formed by implanta-
tion of more inert ions. Electronic and/or photonic applica-
tions of these results can be envisaged.
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