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Hydrogen interactions with microscopic cavities in Si were quantitatively characterized in thermal-
release experiments. Closed internal cavities were formed by He-ion implantation and annealing and
were characterized by transmission-electron microscopy. The isotopes protium ('H) and deuterium (D)
were introduced by ion implantation or heating in H, gas. During temperature ramping the redistribu-
tion and release of D were monitored by nuclear-reaction profiling, and the bonding of 'H was selective-
ly examined by infrared absorption spectroscopy. By exploiting the properties of closed internal surfaces
this study determined the Si-H bond energy for surface monohydrides, the result being 2.5+0.2 eV. Hy-
drogen bonded to the internal surfaces was found to lie several tenths of an eV lower in energy than H,
gas and H trapped at lattice defects. The oxidized external surface of the Si specimens did not detectably
impede H release, implying an efficient recombination process at the Si-SiO, interface for which possible

mechanisms are considered.

I. INTRODUCTION

Hydrogen reacts strongly with dangling bonds on Si
surfaces, and this has a number of consequences for the
synthesis and properties of semiconductor structures.
For example, H termination on HF-etched Si surfaces
provides beneficial chemical passivation,1 and similar
effects have been reported following treatment with H
plasmas.? In the photoluminescence of anodized porous
Si (Ref. 3), H surface states have been reported to be
necessary for the luminescence to occur;* moreover, some
investigators have proposed that surface H states are
directly responsible for light emission rather than simply
providing passivation of carrier-recombination centers.’
Hydrogenated gaseous species such as silane and germane
are widely used in H, carrier gas for chemical-vapor
deposition of epitaxial semiconductor layers, and in such
processing the H inhibits growth by competing for reac-
tive sites.® Further, when epitaxial growth is carried out
at lower temperatures using molecular beam epitaxy, it
has proved necessary to first desorb H already present on
the surface.”

The above considerations and the underlying scientific
issues have stimulated extensive and successful efforts to
characterize H interactions at external (100) and (111)
surfaces on Si. Structural information from scanning
tunneling microscopy (STM) and low-energy electron
diffraction (LEED) (Refs. 8—10, and citations therein) has
been accompanied by infrared (IR) vibrational spectros-
copy of the various Si-H bonds."''"!3 In addition,
thermal-desorption experiments have illuminated the ki-
netics and energetics of the surface reactions.!*™ !
Significant gaps in knowledge remain, however, and one
of the most important is the strength of the Si-H surface
bond. As we shall discuss, this deficiency results from an
inherent indeterminacy in the interpretation of the mea-
sured activation energy for H, thermal desorption. Also
not fully resolved are the specific reaction paths by which
molecular H, is adsorbed and desorbed on Si.
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In the present investigation we examined thermal
release of H that was bound to closed internal surfaces
within Si. Helium ion implantation and subsequent an-
nealing produced cavities with a typical diameter of 10
nm as observed by transmission electron microscopy
(TEM), with the He being outgassed during the heat
treatment. (Similar He-implanted microstructures in Si
were reported by Griffioen et al.?°) Hydrogen was intro-
duced by ion implantation or heating in H, gas, and the
reaction with Si dangling bonds was detected using IR
spectroscopy. Thermal H release was induced by temper-
ature ramping, and the retained quantity was monitored
as a function of temperature by nuclear-reaction analysis.
By thus examining H reactions at internal rather than
external surfaces, it was possible for the first time to
determine quantitatively the strength of the Si-H surface
monohydride bond.

The Si-H bond-dissociation energy obtained in the
present paper is 2.5+0.2 eV. This value is close to the
one previously found for Si-H bonding at the Si side of
the Si-SiO, interface, 2.56+0.06 eV,2! but it is substan-
tially smaller than that reported for the H;Si-H bond in
silane, 3.9 eV.?? This difference will be discussed in light
of recent theoretical results on Si-H bonding.?>?* We will
also briefly consider implications of this surface-bond en-
ergy for the reaction paths and rates of H, desorption
and adsorption on Si.

The present experiments also illuminate other aspects
of H behavior in Si. Because the specimens contained
displacement damage and internal open volume as well as
internal surfaces, with all of these entities being well re-
moved from the external surface, it was possible to evalu-
ate the relative strengths of the binding of H at lattice de-
fects, in H, gas, and on surfaces. Furthermore, the fact
that our experiments exhibited no H-barrier effects at the
oxidized external surface of the Si has implications for
the mechanism of H movement between Si and SiO,.

In addition to the work reported here, our investiga-
tion of H interactions at internal Si surfaces has included
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detailed IR spectroscopic studies®> and nuclear-reaction
measurements of thermodynamic equilibrium between
external H, gas and internal-surface Si-H states.’® Pre-
liminary results of the present experiments were reported
elsewhere.?’

II. BACKGROUND AND APPROACH

A. Hydrogen surface states on cavity walls

In this paper we are concerned with the most strongly
bound surface states of the H, namely the monohydrides,
for which no more than one H atom is bonded to any sur-
face Si atom. Consequently, the less stable dihydride and
trihydride states will not be considered here. On the
(100) surface the monohydride forms without disruption
of the 2 X 1 reconstruction, H atoms being attached to the
single dangling bond that remains on each surface atom
after Si-Si dimerization.? In the case of the (111) surface,
an ideally terminated 1X 1 configuration has been report-
ed where each Si surface atom is tetrahedrally bonded to
three underlying Si atoms and to one H atom located
directly above.! The situation is more complicated in the
presence of the (111) 7X7 reconstruction. Here, Si “rest
atoms,” whose bonding is like that of the unreconstruct-
ed surface, are accompanied by Si “adatoms;” the latter
form bonds with three former rest atoms, thereby replac-
ing three rest-atom dangling bonds with a single, in-
equivalent, adatom dangling bond.” Hence the recon-
structed (111) surface has at least two types of binding
sites for H, and this presents a potential complication in
the present work. Experimental and theoretical studies
of Ge surfaces, however, indicated that H has less affinity
for adatoms than for rest atoms due to a transfer of
charge from the former to the latter; the calculated ener-
gy difference is about 0.7 eV for Ge.?! Consequently,
while adatoms may have occurred on the internal sur-
faces of the present study, their presence is not expected
to be important for our interpretation of thermal release
from the most strongly bound H states.

With the above as background, we now consider the
extent to which the bonding of H at internal cavity walls
in Si can serve to illuminate binding energies for ideal
(100) and (111) surfaces. As will be seen, our room-
temperature He ion implantations followed by heating at
973 or 1073 K produced cavities with diameters near 10
nm. The heat treatments were sufficient to induce
thermal release of most of the implanted He, to anneal
displacement damage, and to produce (100) and (111)
faceting of the cavity walls, so that relatively stable sur-
face configuration of the Si atoms should have been
achieved. We therefore believe that most of the dangling
bonds on the cavity walls resided on Si atoms which were
bonded to three other Si atoms, as opposed to one or two
Si atoms where the configurational energy would be
much larger. As will be seen, this view is supported by
IR vibrational spectra of the Si-H bonds forming on the
cavity walls. There is uncertainty, however, regarding
longer-range order on the cavity walls. In particular,
while the simple 2X 1 reconstruction appears likely on
the (100) facets, we cannot predict the extent and type of
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reconstruction on the (111) surfaces. Moreover, the cavi-
ties also exhibit curved surfaces, and for such regions the
character of the longer-range order is even less known.

The above considerations indicate that the immediate
environment of the Si-H monohydride bond on the cavity
walls should be very similar to that for ideal surfaces.
Specifically, in both cases a single H atom is bonded to a
Si atom which is also bonded to three other Si atoms,
with the Si-H bond protruding unobstructed into a void.
These factors are believed to be the dominant ones in
determining the Si-H bond energy, with longer-range or-
der having less influence. We therefore argue that the
bond energy obtained herein should be close to that for
ideal surfaces. Moreover, the bonding of H on ideal sur-
faces should be represented much better by cavity walls
than by the silane molecule, where the Si atom has four
Si-H bonds instead of one.

B. The Si-H bond energy and its relation
to H, adsorption and desorption

Thermal desorption of H, from monohydride states on
external (100) and (111) Si surfaces has been measured by
several groups. The derived activation energies E, are
fairly consistent and are quite similar for the two orienta-
tions. In the case of the (100) surface, values of 2.0 and
2.5 eV were reported;'”!® in porous Si where IR vibra-
tional spectroscopy indicated Si-H bonding similar to
that on the (100) surface, the result was E, =2.8 eV;!® for
the (111) surface, activation energies of 2.5, 2.6, 2.7, and
2.4 eV were obtained.'*!'>!%1% For purposes of the
present discussion we will use the average value of
Ep=2.5eV.

The relationship between the Si-H bond energy Ey and
the measured activation energy for H, desorption E, has
an inherent indeterminacy which has been recognized by
previous investigators. It arises because the molecular
desorption involves not only the breaking of two Si-H
bonds but also formation of the H-H bond with recom-
bination energy Er =4.52 eV. In one limiting scenario
that is reminiscent of metal surfaces, the breaking of two
Si-H bonds and H, formation are concurrent, and Ej, is
equal to the energy difference between the final and initial
states, 2E; —ER. At the opposite extreme, one can en-
vision disruption of one Si-H bond followed by the exo-
thermic reaction H+Si-H—H,+Si-, where Si-
represents the surface dangling bond. Under this condi-
tion E; might approach Ez. We thus arrive at a general
relation containing a reaction-path-dependent quantity
E

Ep,=2Ez—Egx+E,, 0<E,SEp—Ejy. S0

The interdependence of the four energies in Eq. (1) is seen
graphically in Fig. 1, which schematically depicts H,
desorption from Si and also the reverse process of H,
chemisorption. It is apparent that the parameter E , is
equal to the activation energy for dissociative H, adsorp-
tion. The energies in the equation include any effects of
reconstruction occurring during the reaction.

In the absence of direct measurements of Ej, its value
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H ENERGETICS ON Si SURFACE

ED=2EB-ER+EA|

E = DESORB ACTIVATION E.
Ep = Si-H BOND ENERGY
ER = H-H BOND ENERGY
E 5 = ADSORB ACTIVATION E.

ENERGY —>

DESORB —> <«— ADSORB

FIG. 1. Energy relationships affecting H, desorption and ad-
sorption on Si.

has often been assumed comparable to the dissociation
energy for the H,;Si-H bond in silane, about 3.9 eV.?
While this is plausible, the large resulting value leads to
difficulties in interpreting experimental observations. For
example, if the representative value E,=2.5 eV is used
in Eq. (1), then E , decreases to zero as Ep increases to
3.5 eV, with larger values of E giving unphysical results.
Hence, there should be little if any activation barrier for
dissociative adsorption of H, on the Si surface. This ap-
pears inconsistent with the generally observed difficulty
of chemisorbing H on Si from H, gas, which has com-
pelled investigators to use atomic H or to employ HF
acid etching. (See, e.g., Refs. 8 and 1.)

A second difficulty for large Ep values arises from re-
cent electron-paramagnetic-resonance (EPR) experi-
ments, which measured the activation energy for dissoci-
ation of the Si-H bond at the Si side of the (111) Si-SiO,
interface.?! The local environment of the interfacial bond
is similar to that of Si-H at rest atoms on the (111) Si sur-
face; in particular, at the interface, (1) the Si-H pair is
oriented perpendicular to the surface, (2) the Si atom is
tetrahedrally bonded to three underlying atoms of the Si
crystal, (3) Si-O bonds occur only at next-nearest-
neighbor Si sites, and (4) the overlying glassy Si-O net-
work is believed to be open and unreactive. The interface
environment has the important simplifying property,
however, that the Si-H bonds are widely separated, so
that H-H recombination cannot be concurrent with
breaking of the Si-H bond. Hence, in contrast to the situ-
ation on the Si surface, the measured activation energy
can be unambiguously equated to the Si-H bond-
dissociation energy. The value obtained in the EPR ex-
periments was 2.56+0.06 eV, or more than 1 eV smaller
than the bond energy in silane.

C. Thermal release of hydrogen from internal surfaces

Because the present experiments measured thermal H
release from internal rather than external surfaces of Si, it
was possible to obtain further information on the energet-
ics of Fig. 1. The key difference between the two ap-
proaches lies in the reaction path going from surface Si-H
to external H, gas. In the case of the internal surfaces,
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external desorption is preceded by promotion of H atoms
from the bound internal-surface state into solid solution
and then by H diffusion to the external surface. We will
argue on the basis of experimental evidence that the
single-H processes of promotion and diffusion are rate
determining, so that the inherent indeterminacy in the re-
lationship between the Si-H bond strength and the
desorption activation energy is circumvented. The mea-
sured thermal release is instead sensitive to the Si-H bond
energy, the solution energy, and the diffusion activation
energy, and since the latter two quantities are indepen-
dently known,? the Si-H bond strength Ep can be ex-
tracted. Then, with Ej, being taken from the experiments
on external-surface desorption, the energetics depicted in
Fig. 1 are fully determined.

D. Diffusion-trapping mathematical formalism

In order to extract the Si-H surface-bond energy from
temperature-ramp data it was necessary to employ a
mathematical treatment of the trapping, diffusion, and
surface-desorption processes. As will be seen in Sec. IV,
the behavior of the H during its release from the internal
surfaces above 900 K was relatively simple, with a single
type of microstructurally stable trap being dominant and
no significant barrier effects occurring at the external sur-
face. This condition would allow the use of a correspond-
ingly simple kinetic model to obtain Ez. We also wished
to examine other issues, however, including the weaker
binding of H to defect traps, the formation of H, gas
within the cavities, the influence of hypothetical per-
meation barriers at the oxidized Si surface, and the de-
gree to which He was retained within the cavities after
post-implantation annealing. Therefore, in the present
subsection we first present a more general treatment that
encompasses all of these effects and will actually be used
for data analysis. Then, to provide physical insight, we
indicate the considerable simplifications that arise for the
high-temperature release of H from the internal surfaces.

In these calculations, untrapped H in lattice solution
will be treated as dissociated atoms having a unique
diffusion coefficient and a well-defined solid solubility
with the expected square-root dependence on H, pres-
sure. This description has been validated at temperatures
above 1365 K by detailed diffusion and solubility mea-
surements.”’ Moreover, the permeability, equal to the
product of-the diffusivity and solubility, has been mea-
sured at 873 K, and the value conforms quantitatively to
an Arrhenius extrapolation of the higher-temperature
data.’® Hence, the straightforward treatment of solution
behavior appears justified for the temperatures of H
release in the present studies.

The transport equations for H in the presence of static
traps and external-surface permeation barriers, together
with numerical methods of solution, have been discussed
in detail elsewhere.! Here we summarize the relevant
equations and indicate extensions necessary to describe
H, and He gases within internal cavities. For the atomic
fraction of mobile H in solution, C, one has

[8/8t]C,(x,t)=D,[8%/3x2%]C,(x,t)—=,;S;(x,1) ,
2)
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where D, is the diffusion coefficient of H in solution, and
the terms S; describe the exchange of H between solution
and traps of type i. The atomic fractions of trapped H,
C;, are given by

[8/0t]C;(x,t)=S8;(x,¢) . (3)

For static traps that present no activation barriers to H
attachment, S; can be expressed as

S,(x,8)=47N, D[R, /n; 1{C,(x, ) A,(x)— C;(x,1)]
—C;exp(—Q;/kT)} . 4)

In Eq. (4), N, is the atomic density of the host matrix; R;
is the capture radius for a discrete trapping entity such as
a cavity; n; is the number of H attachment sites per trap-
ping entity, being for a cavity the number of dangling
bonds on the wall; A4; is the atomic fraction of attach-
ment sites for H; and Q; is the positive binding energy
per H atom at the trap site expressed relative to H in
solution. The nonconfigurational part of the entropy
difference between solution and sinks has been neglected.
The physical meaning of Eq. (4) is illuminated by consid-
ering the following two limiting cases: first, when C;=0
so that there is no detrapping, S; reduces to the rate for
diffusion-limited flow to spherical sinks;*? and, second,
when S; =0 corresponding to an unchanging trap occu-
pancy, the resulting null of the expression within braces
describes local thermodynamic equilibrium between solu-
tion and traps. In the general case, Eq. (4) describes con-
tinuous evolution toward local thermodynamic equilibri-
um between solution and traps at a rate that is diffusion
controlled.

In the above formalism we use the index number i =3
to designate cavity-well traps, these being the strongest of
three H traps to be considered in the present paper. The
trap binding energy Q; is simply related to the desired
Si-H bond energy on the Si surface, Eg; the two quanti-
ties differ only in their reference states, which are, respec-
tively, atomic H in solid solution and atomic H in vacu-
um. Hence,

Ey=Q;—Es+Eg/2, (5)

where E¢=1.86 eV is the well-established energy per
atom required to promote H from molecular gas to solu-
tion in Si (Ref. 29) and Eg =4.52 eV is the dissociation
energy of H,. The relationships among the four energies
in Eq. (5) are depicted schematically in Fig. 2.

We now move beyond Ref. 31 to consider the
modification of Eq. (4) which is necessary to treat the
behavior of molecular gas, either H, or He, within the
cavity open volumes. This capability will not be used to
extract binding energies, which is our primary objective,
but it is needed to assess semiquantitatively the extents of
H, formation and He retention. We assume continuous
equilibrium between the gas phase contained in any cavi-
ty and the immediately adjoining wall sites and lattice-
solution sites, so that the approach to local equilibrium
between cavities and solution at a particular depth is
diffusion limited in the manner of Eq. (4). In the case of
H, continuous gas-wall equilibrium requires sufficiently
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FIG. 2. Energetics of H in Si and in vacuum.

rapid recombinative desorption of H, into the cavity bal-
anced by dissociative adsorption from the accumulated
gas. Estimates utilizing previous measurements of
external-surface desorption!® indicate that the assump-
tion is justified for the present experiments.

Since the equilibrium between solid solution and
molecular gas is different from that between solution and
static lattice traps, a corresponding change is required in
the expression within braces in Eq. (4). In the case of a
diatomic gas such as H, one has

S;(x,t)=47N,D R, /n;]A;(x)
X {Cy(x,0)— Cy,[F;(C;, 4;,T)]'?
X exp(—Q; /kT)} (6

where C, is the solubility prefactor, F; is the fugacity of
the gas within the cavity, and Q; is the solubility activa-
tion energy. (The fugacity is related to the molecular
chemical potential u by F=F, exp(u/kT) with the con-
stant F, being such that F reduces to pressure for an
ideal gas. See, e.g., Ref. 33.) When the encapsulated gas
is monatomic, as for He, the fugacity factor F!/? is re-
placed by F.

For the purposes of the present paper it was not neces-
sary to treat the difference between fugacity and pressure
precisely, but we found it useful to include the effects of
nonideality at a semiquantitative level. To this end we
added the Van der Waals volume term to the gas equa-
tion of state but neglected the attractive term, which is
small for H, and He; this gives P(v —b)=kT, where P is
the pressure and b is the Van der Waals molecular
volume. It can be shown that the fugacity then is given
by F=[kT /(v —b)]exp[b/(v —b)]. Notational compa-
tibility with Eq. (6) was achieved by defining the number
of H sites per cavity, n;, and the atomic fraction of avail-
able H sites, A4;, so that these quantities reflect the
amount of H given by the gas equation of state when
P — . With this stipulation one has

n;=(4/3)w(R;n,, /b ,
A;=V,n,, /(N,b) ,
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and

F.(C;, A, T)=[kT /b][C,/( 4;,—C;)]
X exp[C; /(4,—C)] , ™

where n,, and V, are the number of atoms per molecule
and the cavity volume fraction, respectively.

The remaining aspect of the general formalism to be
discussed is the boundary condition on C at the external
surface of the sample. All fitting of experimental data
was done using the condition C (x —0,7)=0, corre-
sponding to uninhibited surface release. Additional cal-
culations were performed to explore the effects of hy-
pothetical surface barriers, however, and here we treated
the surface release in two steps: first, the fractional popu-
lation of surface sites, ®, was taken to be in equilibrium
with the adjacent lattice solution, so that
0(1)/[1—0]=C,(x —0,t)exp(Qq /kT), where Qg is
the positive energy difference between H in solution and
H on the surface; then, the number of H atoms lost per
unit area and time was given by [3/9t]Ay = —K o(T)®%,
where Ay is the depth-integrated areal density of H
within the sample, Kg is a temperature-dependent rate
coefficient, and « is the order of the desorption reaction.

We now return to the trapping formalism of Egs.
(2)-(5). In order to convey the properties and physical
meaning of these equations, it is useful to discuss the con-
siderable simplifications that result from a set of approxi-
mations that are, in fact, quite accurate for the high-
temperature release of H from internal surfaces. The ap-
proximations are as follows.

(1) The behavior of the system is dominated by a single
type of trap.

(2) At any given depth there is local equilibrium be-
tween H in solution and trapped H, so that the expres-
sion in braces on the right-hand side of Eq. (4) equals
zero. (This condition is well satisfied at temperatures of
appreciable H release if the number of diffusive jumps be-
tween the trap and the external surface is much larger
than one and if the energy saddle point adjacent to the
trap is not significantly higher than other diffusion saddle
points.)

(3) All of the traps are located at the same depth, x =1.

(4) The amount of H in solution is much smaller than
that in traps, and as a consequence most of the H mi-
grates to the surface under a steady-state diffusion profile.

(5) There is no barrier to H release at the external sur-
face. Under these conditions Egs. (2)—(4) yield the fol-
lowing equation for the depth-integrated areal density of
retained H, Ay, in terms of the areal density of trap sites,
A, and the trap binding energy Qr:

[d /dt]Ag=—[N,D, /11{Au/[Ar—Agxl}exp(—Qp/KT).
8)

When D; is taken from the literature and Ay is deter-
mined experimentally by deliberate saturation, O, can be
obtained by fitting to experimental release measurements,
and the desired bond energy Ej is then given by Eq. (5).
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III. EXPERIMENTAL PROCEDURE

Samples with a polished (111) face and dimensions of
12X 12X0.25 mm*® were prepared from high-purity Si
having a room-temperature resistivity of 2 kQ cm. Cavi-
ty formation was initiated in a near-surface layer by *He
ion implantation at room temperature, 30-keV energy,
and a fluence of 1000 nm ™2 In several instances a
second implantation was performed using 700-keV 3He at
the same fluence to produce an additional, deeper cavity
layer. The resulting He depth distributions, as predicted
using the TRIM-90 Monte Carlo range code,** are shown
in Fig. 3. One of the specimens was implanted with Si™
ions instead of He to simulate the effects of the He dis-
placement damage without forming bubbles; this treat-
ment was performed at 200 keV and a fluence of 90
Si/nm?, parameters chosen on the basis of TRIM simula-
tions. Additionally, one sample received no implantation
treatment apart from the D injection to be discussed
below. The specimens were then annealed for 30 min at
973 K or for 1 h at 1073 K in an ion-pumped vacuum of
approximately 3X 107> Pa (2X 1077 Torr) to enlarge the
bubble cavities, to induce outgassing of the He, and to
cause recovery of displacement damage. The resulting
microstructure was examined by cross-section TEM at
200 kV.3*> The TEM was performed using (001) Si be-
cause this orientation facilitated observation of cavity-
wall faceting. Specimens for TEM were prepared by glu-
ing together two implanted surfaces and then dimpling
and ion-mill thinning the structure perpendicular to the
interface.

Temperature-ramp experiments were performed in an
ion-scattering chamber evacuated by a turbomolecular
pump to a pressure of about 3X 10~> Pa. This chamber
was connected to an ion-implantation accelerator for the
injection of H and also to a Van de Graaff accelerator for
nuclear-reaction analysis. We employed the deuterium
isotope (D), which was depth profiled using the 3He-
induced reaction D(3He,p)4He; emitted protons were
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FIG. 3. Calculated depth profiles relevant to the

temperature-ramp experiments. The implantation distributions
are from the TRIM-90 range code (Ref. 34) while the depth-
dependent differential cross section of the D(*He,p)*He reaction
was obtained using the energy-dependent cross section (Ref. 38)
and the stopping power for He in Si.**
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counted by a Si surface-barrier detector subtending a
solid angle of 0.078 sr centered at a scattering angle of
150°. A stainless-steel sheet of thickness 0.25 mm be-
tween the specimen and the detector ranged out all
charged particles except the 13-MeV protons from the
3He-D reaction.

Since the temperature ramps extended to 1075 K, it
was important to achieve good thermal contact between
the thermocouple temperature sensor and the Si speci-
men. To this end we welded a chromel-alumel thermo-
couple bead to a Mo plate and then formed a reaction
bond between the Mo plate and the back of the Si. The
bond was formed by introducing a 15-um foil of Al be-
tween the Si and the Mo and raising the temperature to
973 K for 30 min. Aluminum melts at 934 K, and its
affinity for oxygen is sufficient to reduce the native oxides
on Si and Mo. Moreover, Al in the presence of excess Si
and Mo forms intermetallics that remain solid above the
temperatures of the present experiments.’® An important
further point is that the diffusion distance for Al in Si un-
der the annealing conditions of these experiments, as es-
timated using the reported diffusion coefficient,’” was al-
ways less than 1 um while the thickness of the specimen
was 250 um. Hence the Al did not diffuse to the opposite
near-surface region where the D reactions of interest took
place.

After the above bonding procedure, deuterium (D) was
ion implanted at room temperature and an energy of 19
keV; this energy produces overlap of the D and “He im-
plantation profiles, as seen from the TRIM calculations
in Fig. 3. The specimen was then temperature ramped
upward at 2 K/min, and periodically, without interrupt-
ing the ramp, nuclear-reaction analysis was used to deter-
mine the depth-integrated areal density of D remaining
within the near-surface He-implanted layer. The analysis
was performed using a *He energy of 700 keV so that the
broad energy peak in the nuclear cross section remained
near its maximum as the particles traversed the implant-
ed region, as seen in Fig. 3. Here the depth-dependent
cross section was calculated using the known energy
dependence of the cross section®® and the stopping power
for He in Si.° In a typical analysis, 6 uC of *He" im-
pinged onto a sample containing 100 D/nm? during a
time interval of 2 min, and the particle detector counted
about 1700 protons.

The full depth profile of the D was obtained by measur-
ing the proton yield from the nuclear reaction as a func-
tion of incident *He energy in the range 300—1800 keV.
Such analysis required substantially more time than the
single-energy measurement used to determine integrated
areal density, and consequently it was necessary to freeze
the D depth distribution by halting the temperature ramp
and cooling the sample to room temperature. The
desired depth profile C(x) was extracted from the
energy-dependent nuclear-reaction yield Y (E) by a
deconvolution procedure described elsewhere.*

In a few instances D was introduced by heating the Si
sample in D, gas at 873 K for 48 h. This treatment was
performed in a quartz furnace tube connected to an ion-
pumped vacuum system that included facilities for gas
handling. Exposures began by evacuating the sample-
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containing tube at room temperature to a pressure of
about 3X107° Pa (2X1077 Torr). A previously
temperature-stabilized furnace was then moved to enclose
the sample, and D, gas was introduced to a pressure of 87
kPa (650 Torr). The exposure was terminated by pump-
ing out the D, gas with the specimen still at 873 K, and
an additional 30-min vacuum anneal at the same temper-
ature followed to remove D that was not strongly bonded
to the material. Samples charged in this fashion were not
subjected to temperature ramping, since the previously
discussed bonding step would have caused D release.
They were instead used in separate, furnace-anneal exper-
iments to examine the influence of the method of injec-
tion on D behavior.

Infrared spectroscopy of the Si-H local stretching
mode was used to observe the bonding states of the H.
Multiple-internal-reflection plates were treated on both
sides, and the IR absorption spectrum was measured at
room temperature with a wave-number resolution of 4
cm ™!, Most of these experiments were carried out using
the 'H isotope rather than D because the Si-'H peaks
have larger amplitude and are more removed from lattice
phonon absorptions. Some measurements were per-
formed using D, however, and the isotopic shift served to
verify the identification of H-related absorptions.

IV. RESULTS AND ANALYSIS

A. Cavity microstructure and helium retention

The microstructure of “He-implanted Si after 30 min at
973 K is shown in the cross-section TEM micrograph of
Fig. 4(a). This image was acquired at a slight underfocus
to enhance contrast of the cavities. Most of the cavities
lie in the depth range 150-350 nm with peak density near
300 nm. This distribution conforms semiquantitatively to
the calculated *He implantation profile in Fig. 3, where
the average projected range is 290 nm and the root-
mean-square (rms) range spread is 90 nm. The cavity
walls in Fig. 4(a) exhibit (111) and some (100) facets to-
gether with curved regions. Detailed analysis of the cavi-
ty sizes and number density, with imaged-region
thicknesses being determined from thickness fringes,*
yielded an average diameter of =8 nm, a depth-
integrated cavity areal density of 0.029+0.005 nm ™2, a
cavity surface area per sample surface area of 6.7%1.2,
and a cavity volume per sample surface area of 11+3
nm?®/nm?.

Post-implantation annealing was also carried out for 1
h at 1073 K in order to examine the effects of further mi-
crostructural evolution and less retention of implanted
He. Figure 4(b) shows a cross-section TEM micrograph
obtained after a shorter anneal of 30 min at 1073 K. The
average diameter of the cavities is =~ 12 nm, significantly
greater than observed after 973 K, and the faceting is
more pronounced, as seen in the inset. The (111) surface
planes are larger and more numerous than (100) planes,
consistent with the (111) surface having a lower free ener-
gy as we have reported elsewhere.*

Since high-pressure He within the cavities could con-
ceivably influence the interaction of H with the walls, we
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used the formalism discussed in Sec. II D to estimate the
amount of He that remained after the above heat treat-
ments. In these calculations the diffusion coefficient,
solubility parameters, and Van der Waals atomic volume
b for He were taken from the literature,?*! while the
cavity volume per unit area of sample surface observed
after annealing at 973 K was assumed to be distributed in
depth as a Gaussian function with average depth and rms
spread given by the TRIM range code. Within the ap-
proximation of the Van der Waals equation, and with the
reported molecular volume of b =0.039 nm?, the ob-
served cavity volume could accommodate a maximum He
areal density of 280 nm~ 2. Hence, the calculation was
performed using this initial areal density instead of the
actually implanted fluence of 1000 nm 2. (The saturation

density of gaseous He given by the Van der Waals equa-
tion is only semiquantitative at very elevated pressures,
so that this value cannot be used to conclude that some of
the implanted “He was not in the bubbles.)

The result of the above calculation is shown in Fig. 5
for isothermal annealing at 973 K. The retained areal

FIG. 4. Cross-section bright-field TEM micrographs of (001)
Si implanted with 1000 * He/nm? at 30 keV and then annealed
for 30 min at (a) 973 K or (b) 1073 K. The inset in (b) exhibits
the faceting on an enlarged scale. The images were acquired
near the (100) orientation with defocus values of —900 nm in
(a), —500 nm in (b), and —200 nm in the inset.
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FIG. 5. Calculated release of He from cavities in Si at 973 K.

density of He is seen to decrease very rapidly at first,
reflecting the nonideal behavior of the equation of state at
high density, and then to approach asymptotically the ex-
ponential decay that is characteristic of an ideal gas. We
believe that the formalism of Sec. IID describes the
asymptotic regime quantitatively, but that the nonideal,
high-density transient is given only semiquantitatively be-
cause of the limitations of the equation of state used. The
treatment is nevertheless adequate to draw a key con-
clusion, namely that after 30 min at 973 K the He density
has decreased to a few percent of its initial value and has
approached the behavior of an ideal gas. Hence, He-
related perturbations of the H bonded to the cavity walls
are believed to be unimportant. For the 1-h anneal at
1073 K, the calculated quantity of retained He is negligi-
ble.

The accuracy of the transport formalism in describing
He release from Si was tested by applying it to earlier ex-
periments where the thermal release of ion-implanted He
was measured.?’ In that work the implantation depth
was smaller, about 30 nm, and the ramp rate much
higher, 600 K/min. The complexity of nonideal-gas be-
behavior was avoided by first forming cavities with a rela-
tively high He fluence, then fully outgassing the He, and
finally reimplanting a much smaller fluence of He before
the temperature ramp. The half-amplitude point of the
measured release occurred at approximately 1110 K,
whereas our no-free-parameter simulation predicts 1080
K, which is satisfactory agreement.

B. Thermal release of deuterium
and qualitative interpretation

Data from our temperature-ramp experiments are
shown in Fig. 6. In ramp no. 1 the sample was first ion
implanted with 30 keV “He and 700 keV He, both to a
fluence of 1000 nm 2, and then vacuum annealed for 30
min at 973 K. Deuterium was subsequently implanted at
19 keV to a nominal fluence of 100 nm ™2, and the tem-
perature was finally ramped upward at 2 K/min. The
retained areal density of D was measured periodically
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FIG. 6. Retention of ion-implanted D during temperature
ramping at 2 K/min. Ramps no. 1 and no. 2 are from samples
implanted with 30 keV He and then annealed at 973 or 1073 K,
while ramps no. 3 and no. 4 represent specimens not implanted
with 30 keV He. The solid curve shows calculated desorption
from the monohydride state on (111) Si (Ref. 18).

during the ramp using nuclear-reaction analysis with 700
keV 3He. Calculated depth profiles pertinent to this ex-
periment are shown in Fig. 3. It is apparent that the nu-
clear cross section, and hence the detection of D during
the temperature ramp, encompassed the near-surface lay-
ers but not the *He layer near 2300 nm. The purpose of
the latter layer was to provide a destination for detrapped
D in the event that the oxidized external surface of the Si
presented a significant barrier to release. In fact, as will
be discussed, no appreciable surface-barrier effects were
detected in these studies.

The remaining data in Fig. 6 represent variations on
the above theme. In ramp no. 4, the 30-keV “He implan-
tation was omitted but not the 700-keV 3He implantation,
with other procedures being unchanged. The absence of
the near-surface *He layer is seen to have reduced the
temperatures of thermal release by about 200 K. In ramp
no. 3, Si-ion bombardment before the 973-K anneal was
used to simulate He displacement damage without creat-
ing cavities. (The injection of 700 keV 3He was omitted
in this case for convenience.) The self-ion irradiation was
performed at an energy of 200 keV and a fluence of 90
nm 2, producing a concentration and depth distribution
of atomic displacements similar to that of the 30-keV “He
implantation, based on TRIM calculations; the resulting
number of atomic displacements per host atom peaks at
approximately ten. Although the subsequent 973-K an-
neal produced extensive annealing, the self-ion bombard-
ment is seen to have significantly enhanced D retention
beyond that seen in ramp no. 4, presumably reflecting a
greater number of defect traps. Nevertheless, the tem-
perature range of D release is still well below that for the
specimen containing cavities. Finally, in ramp no. 2, the
30-keV *He implantation was followed by a more intense
vacuum anneal, 1 h at 1073 K, and the nominal fluence of
implanted D was increased to 180 nm 2. This experi-
ment served to exhibit more definitively the saturation of
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cavity-wall traps and also to reveal the influence of
greater annealing on the number of such traps.

For comparison we have included in Fig. 6 a calculated
curve showing external-surface H, desorption from bare
Si at our ramp rate of 2 K/min. This calculation em-
ployed empirical rate equations reported elsewhere for
desorption of the monohydride phase from the (111) sur-
face.!® It is noteworthy that the desorption temperatures
are much lower than those for thermal release of D from
Si containing internal cavities, the difference being about
300 K. This qualitative result is necessary for the validity
of our assertion in Sec. II C that the reaction path for
release from internal surfaces is controlled not by desorp-
tion but rather by the promotion to solution and the sub-
sequent bulk diffusion to the surface. Taken alone, how-
ever, it does not prove the point, since the external sur-
faces in the present study were oxidized, and this might
reduce the desorption rate.

We now interpret the results in Fig. 6 at a mostly qual-
itative level, presenting additional experimental results as
they become relevant. Quantitative analysis using the
formalism of Sec. II D will follow in Sec. IV C. One of
the most significant features of the experimental data is a
high-temperature release stage near 1000 K which ap-
pears only for Si that contains cavities. We associate this
stage with the thermal release of D from monohydride
Si-D bonds on the internal surfaces of the cavities. In the
case of the specimen that was post-implantation annealed
at 973 K, the amplitude of the stage corresponds to a
depth-integrated areal density of about 70 bonding sites
per nm? of external sample surface, whereas after post-
implantation annealing at 1073 K the value is about 50
nm 2. Such a difference is plausible in light of the TEM
micrographs in Fig. 2, which exhibit a somewhat reduced
cavity-wall surface area after the higher-temperature an-
neal.

The absolute number of internal-surface dangling
bonds available for H attachment can be semiquantita-
tively estimated from the observed microstructure. We
do this by making use of the previously discussed obser-
vation that, after the 973-K anneal, there was approxi-
mately 7 nm? of depth-integrated cavity-wall surface per
nm? of external surface. Equating the dangling-bond
areal density on the wall surfaces to 7 nm 2, a represen-
tative value specifically applicable to the dimerized 2X 1
(100) surface and also to the unreconstructured (111) sur-
face, one obtains approximately 50 internal surface-
bonding sites per nm® of external surface. This agrees
satisfactorily with the amplitude of the 1000-K stage,
about 70 nm 2.

In the case of the two specimens not implanted with 30
keV *“He, we ascribe the observed release stages to detrap-
ping from lattice defects. The release is seen in Fig. 6 to
occur at temperatures well below the 1000-K stage asso-
ciated with cavities, reflecting smaller binding energies
and perhaps microstructural instability of the defects.
The defects involved are unlikely to be isolated vacancies
or self-interstitials in view of the elevated temperatures;
possibilities include a variety of defect complexes (see,
e.g., Ref. 42), perhaps stabilized to higher-than-normal
temperatures by the attached H.
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Ramps no. 1 and no. 2 in Fig. 6 exhibit lower-
temperature stages in addition to the release at 1000 K.
This results from saturation of the strong traps responsi-
ble for the 1000-K stage, leaving residual D to populate
less stable states. As will be seen in Sec. IV C, these
lower-temperature stages can be explained in terms of the
same defect traps present in the samples without cavities.
There is the additional possibility that some D, gas
formed within the open volumes, but we will present evi-
dence that the quantity involved is small except perhaps
in the sample implanted with the relatively high D
fluence of 180 nm 2. '

An indication of the extent of D, formation in the cavi-
ties of D-implanted Si was obtained by using a different
method of D introduction, gas-phase charging. A useful
feature of this method is that it can produce no greater
D, pressure within the cavities than in the external gas,
and under the conditions of the present experiments the
resulting quantity of encapsulated D, is small. Therefore,
if substantial D uptake is observed after gas-phase charg-
ing, it must be due primarily to Si-D bonding at cavity
walls, and possibly defects, where the trapped state is
lower in energy than the molecular gas. Moreover, when
the fluence of ion-implanted D is not significantly greater
than the observed uptake from the molecular gas, one
can infer that most of the D will move to available strong
trapping centers instead of forming D, gas.

The above charging experiment was performed on Si
that had been implanted with 30 keV “He and then vacu-
um annealed at 973 K. The specimen was subsequently
immersed in D, gas at 873 K and a pressure of 87 kPa
(650 Torr) for 48 h, and finally vacuum annealed for 30
min at 873 K to remove D that was not strongly bound
within the material. The permeability of D in Si at 873 K
(Ref. 30) is such that in 48 h approximately 100 D/nm?
could reach sinks at the calculated average cavity depth
of 290 nm. The uptake measured by nuclear-reaction
analysis was 85 D/nm?; yet, by applying the ideal-gas
equation of state to the observed cavity volume of 11 nm?
per nm? of sample surface, one finds that the areal density
of D encapsulated as D, gas could be no greater than 0.16
D/nm?. We therefore infer that most of the absorbed D
was in trapped states energetically preferred over D, gas.
Moreover, ramp no. 1 in Fig. 6 shows an areal density of
83 D/nm? at 875 K, virtually identical to the value from
gas-phase charging. It is therefore probable that encap-
sulated molecular gas contributed relatively little to D re-
tention near 875 K in the temperature ramp.

In presenting the above interpretation we emphasize
that, at the temperatures of thermal release in Fig. 6,
there is expected to be rapid recombinative desorption of
D, from the cavity walls into the adjacent void. Since the
cavities are not vented, however, the D, pressure in-
creases until desorption is balanced by readsorption,
thereby achieving local equilibrium between Si-D on the
wall and D, in the void. The very small fraction of D in
the gaseous state therefore indicates that the chemisorbed
state is energetically preferred.

Infrared spectroscopy further illuminated the bound
states of the H.2 Measurements were performed on
specimens both with and without implanted He that had
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been H charged by ion implantation or by heating in H,
gas. The 'H isotope was employed to obtain larger sig-
nals and better isolation of the H-related spectral
features. Figure 7 shows selected absorption spectra for
two samples, one initially implanted with 1000 “He/nm?
and vacuum annealed at 973 K for 30 min, and the other
not implanted with He. Before the spectroscopic mea-
surements, both of these specimens were ion implanted at
room temperature with 19 keV 'H to a fluence of 100
nm~? and then subjected to isochronal anneal sequences
consisting of 30-min treatments at intervals of 50 K. The
horizontal axis in Fig. 7 encompasses the frequencies of
Si-H stretch modes previously identified with H at dis-
placement defects in Si.** For comparison, frequencies of
two prominent surface-hydride stretch vibrations are in-
dicated by vertical lines on the figure: the one at 2084
cm ™! was reported for the monohydride state on the
ideally terminated (111) surface;! the one at 2100 cm™!
was observed on the H-exposed (100) surface and was as-
cribed to the surface monohydride, along with a second
peak at 2087 cm ™! that in our experiments would be
difficult to resolve separately from the vibration at 2084
cm ™ L12 Fortunately, these surface-related peaks lie in a
gap between the frequencies of defect-related structural
features.

After annealing at 423 K, the IR absorption spectra
from both samples exhibit numerous structures reflecting
the varied environments of the Si-H bonds. In the case of
the sample not implanted with He, the resolved peaks are
consistent with previously reported spectra of H at dis-
placement damage in H-implanted Si.** The specimen
with He-induced cavities also exhibits these features, but
in addition it shows significant absorbance in the

0.16

T T T T
IR SPECTRA OF H—IMPLANTED Si
—— WITH CAVITIES

AR NO CAVITIES T

923 K fL/—
0.12 |5 . ) 5

673 K

0.08 |

ABSORBANCE

0.04

~ _
. 2100 cm
1 1

2000 2200
-1
WAVE NUMBERS (cm )

2084 cm
0.00 ! '
1800

FIG. 7. Infrared absorption spectra of Si specimens with and
without cavities which were ion-implanted with 'H at room
temperature and then subjected to isochronal annealing.
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surface-related region near 2100 cm~!. We interpret this
to mean that, at lower temperatures, the implanted H as-
sociates more or less randomly with the available defects
and internal surfaces. After annealing to 673 K, the
spectra have changed substantially, despite the fact that
Fig. 6 shows no significant decrease in the retained areal
density of D at this temperature. For the sample without
cavities, there is growth of some defect peaks at the ex-
pense of others, reflecting an internal redistribution of D
to more stable bound configurations. Redistribution is
also apparent for the Si specimen containing cavities, but
here the movement is predominantly to centers with Si-H
frequencies near 2100 cm~!. We ascribe this to the for-
mation of Si-H bonds on the internal surfaces of the cavi-
ties.

The specific H-defect centers responsible for the vari-
ous defect peaks in Fig. 7 have not been definitively deter-
mined, and a detailed interpretation will not be attempted
here. We note, however, that experimental and theoreti-
cal evidence has been used to argue that frequencies
below about 2050 cm™! are predominantly associated
with interstitial defects while higher frequencies are
mostly produced by vacancy defects (see, e.g., Ref. 44 and
citations therein). Our results appear consistent with this
interpretation in that cavities should be akin to vacancy
defects and, in fact, the cavity-associated absorption fre-
quencies appear above 2050 cm ™~ !. Comparison of Fig. 7
with Fig. 6 shows that most of the IR absorption has
shifted to the higher frequencies before the onset of H
release. Hence, assuming that the above identification
criterion is valid, the defect-associated release stages in
Fig. 6 mostly reflect the detachment of H from vacancy-
like centers.

The uppermost pair of spectra in Fig. 7 was obtained
after annealing at 923 K, a temperature above all of the
release stages in Fig. 6 except the one attributed to
monohydride bonding on the cavity walls. Infrared ab-
sorption in the sample not containing cavities is seen to
have virtually disappeared, consistent with the nuclear-
reaction data in Fig. 6. For the Si with cavities, however,
there remains a pronounced absorption band encompass-
ing the frequencies characteristic of surface monohy-
drides.

The sequence of IR spectra is continued to higher tem-
peratures in Fig. 8, where the wave-number scale has
been expanded and where we have included data from a
specimen charged in H, gas at 873 K rather than H-ion
implanted. When comparison is made with the
temperature-ramp data in Fig. 6, it is apparent that the
final stage of D release from cavity-containing Si near
1000 K corresponds to the dissociation of Si-H having
stretch frequencies near 2084 and 2100 cm™!. These
spectral peaks decrease in unison as the temperature in-
creases, indicating that the associated binding energies
are nearly identical. Since these two frequencies have
been identified with monohydrides on the (111) and (100)
Si surfaces, respectively,"!? this further supports our in-
terpretation of the 1000-K temperature-ramp stage as
release from monohydride states on internal surfaces. In
the specimen where H was implanted, the two peaks
move slightly downward in frequency between 923 and
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FIG. 8. Infrared absorption spectra of Si specimens with cav-
ities which were ion implanted with 'H at room temperature or
charged in 'H, gas at 873 K and then subjected to isochronal
annealing. The lowermost spectrum is from a sample without
cavities.

1023 K, perhaps reflecting the annealing of residual lat-
tice strain from the implantation.

A significant issue for quantitative interpretation of the
temperature-ramp data in Fig. 6 is the degree to which
the trapping centers undergo microstructural evolution
during the ramp. The mathematical formalism of Sec.
IID was derived assuming that the traps are static, with
H undergoing repeated detrapping and retrapping during
its migration through the lattice. If in reality the concen-
tration of a particular type of trap decreases within the
temperature range of observed D release from that trap,
the consequent reduction in retrapping shifts the associ-
ated release stage downward in temperature relative to its
calculated position. In the case of the cavity-wall traps
such effects are believed to be unimportant. This is sup-
ported by the thermal stability of the cavities demonstrat-
ed in Sec. IV A. It is further reinforced by our finding in
separate experiments using nuclear-reaction analysis?®
and IR spectroscopy?®’ that, after the D or 'H has under-
gone thermal release, the cavity-wall sites can be repopu-
lated to the same saturation level by heating in molecular
gas or in H plasmas. Defect traps within the Si lattice
generally have less thermal stability in the temperature
range of interest,*? however, so that for these entities the
extraction of H binding energies using the formalism of
Sec. II D may be less quantitative.

We now consider the possibility of H-barrier effects at
the oxidized external surfaces of the Si samples. A sensi-
tive way of detecting such effects is to introduce strong
sinks for H at a depth beyond the layer where the H is in-
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itially implanted. Then, when the temperature is
sufficiently high to induce detrapping, the mobile H may
either escape at the nearby surface or become attached to
the sinks. If surface-barrier effects are absent altogether,
the partitioning between sinks and surface is determined
simply by random-walk statistics, and in the approxima-
tion of zero layer widths the two quantities of H are pro-
portional to the respective reciprocals of the diffusion dis-
tances. If surface-barrier effects are significant, however,
the fraction of H going to the internal sinks is increased.
In the present studies, the buried sinks were the cavities
formed by *He implantation at 700 keV (Fig. 3), and the
population of these sinks was measured by nuclear-
reaction profiling.

The above test was performed using the specimen of
temperature ramp no. 4 in Fig. 6. This sample was im-
planted with 700 keV 3He but not with 30 keV *He, so
that the near-surface D-implanted layer contained only
relatively weaker defect traps. As a result, the release of
D from the near-surface region was complete by the end
of the ramp at 908 K, well below the point where detrap-
ping would occur from the cavity traps deeper within the
specimen. The determination of the depth profile at the
completion of the temperature ramp is exhibited in Figs.
9 and 10, which show, respectively, the nuclear-reaction
yield as a function of energy and the D depth profile ob-
tained by deconvolution. The deconvolution was accom-
plished by representing the D profile as contiguous
straight-line segments and vertically adjusting the termini
of these segments so that the calculated nuclear-reaction
yield was fitted to the experimental reaction yield in a
least-squares sense.“C In this calculation the nuclear cross
section and the stopping power for He in Si were taken
from the literature.’®%

The depth profile in Fig. 10 shows that most of the im-
planted D has moved away from the initial injection
depth near 310 nm, with the areal density in the range
0-1000 nm having decreased from 98 to 3 D/nm% A
significant fraction, 14 D/nm?, has moved to a peak cen-
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FIG. 9. Yield of nuclear-reaction protons from a Si specimen
ion implanted with 1000 *He/nm? at 700 keV and 98 D/nm? at
19 keV and then temperature ramped to 908 K. Each point was
produced by 20 uC of incident *He* ions. The curve represents
the deconvolution fit giving the D depth profile in Fig. 10.
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FIG. 10. Deuterium concentration-vs-depth profile obtained
by deconvolution of the data in Fig. 9.

tered near 2300 nm, conforming to the calculated distri-
bution of 700 keV *He shown in Fig. 3. The approximate
partition rule given above predicts that, for barrier-free
release, the areal density of D within the *He layer should
be ~(98—3)X(1/1990)/(1/310+1/1990)~13 nm 2
A more elaborate treatment, taking into account the ac-
tual distributions of the implantation depths, gives the
same result to two significant figures. The observed value
of 14 D/nm? is consistent with this prediction, indicating
that the surface-barrier effects are not large.

C. Mathematical modeling of thermal release

The application of the transport formalism of Sec. IID
to the temperature-ramp results of Fig. 6 is represented
by solid curves in Fig. 11, with parameter values being
summarized in Table I. Based on the presence of distinct
release stages in the temperature-ramp data, the D was
assumed to interact with two types of static lattice-defect
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FIG. 11. Fit of diffusion-trapping theory to the temperature-
ramp data. The solid curves represent the general formalism of
Sec. II D, while the dashed curve was obtained by applying Eq.
(8) to the cavity-wall traps.
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TABLE I. Parameters used to model the temperature-ramp data in Fig. 11.

Parameter Meaning Value Source
D, D diffusion coefficient 6.6X10'" nm?/s Ref. 29
Xexp(—0.48 eV/KT)
R, defect-trap radius 1 nm typical value
R, defect-trap radius 1 nm typical value
R, cavity-trap radius 4 nm TEM after 973 K
ny bonding sites per defect 1 typical value
n, bonding sites per defect 1 typical value
n; bonding sites per cavity 1600 TEM after 973 K
0, defect-trap binding energy 1.34 eV fit to data
0, defect-trap binding energy 1.65 eV fit to data
Qs cavity-trap binding energy 2.07 eV fit to data
A =N, f A dx defect-trap areal density - - - - (ramp no. 1) not applicable
- - - - (ramp no. 2) not applicable
- - - - (ramp no. 3) not applicable
40 nm~?2 (ramp no. 4) fit to data
A, defect-trap areal density 130 nm™~2 (ramp no. 1) fit to data
130 nm~2 (ramp no. 2) fit to data
130 nm™? (ramp no. 3) fit to data
60 nm~? (ramp no. 4) fit to data
A, cavity-trap areal density 77 nm~? (ramp no. 1) fit to data
62 nm~? (ramp no. 2) fit to data

- - - - (ramp no. 3)
- - - - (ramp no. 4)

not applicable
not applicable

traps in Si not containing cavities, while in the presence
of cavities a third type of trap was included to take ac-
count of the wall bonding sites. The diffusion coefficient
of D in Si was obtained by dividing reported values for
'"H (Ref. 29) by V2 to take into account the mass
difference. Barrier effects at the external surface were as-
sumed to be negligible on the basis of the profiling results
discussed at the end of the preceding subsection. The
depth profile of the cavity-wall traps A4;(x) in Eq. (4) was
taken to be a Gaussian function having the average depth
and rms spread of the implantation profile of 30 keV “He
as calculated using the TRIM range code. The presence
of the *He-implanted layer at 700 keV was taken into ac-
count in a similar fashion, assuming the same constant of
proportionality between traps and implanted He concen-
tration. The *He layer was found to have little influence
on the calculated curves in Fig. 11 because of its relative-
ly large distance from the D-implanted region. As a
matter of convenience, the defect traps in the near-
surface region were assigned the same depth dependence
as the implanted 30-keV *He. The calculated
temperature-ramp curves are relatively insensitive to the
detailed shape of the defect profile and, furthermore, in
this paper we ascribe only semiquantitative significance
to the binding energies obtained for lattice-defect traps.
The values of the trap capture radius R; and the num-
ber of binding sites per trapping center n; have very little
influence on the predicted D release after the trap con-
centration profile A4;(x) is specified. This is so because, at
the temperatures of D release, there is near equilibrium
locally between the traps and adjacent solution sites, so
that the expression within braces following (R;/n;) in
Eq. (4) remains continuously near zero. In the case of the
cavity traps, we equated R; to the approximate average

radius of 4 nm observed by TEM after the post-
implantation annealing at 973 K, whereas for the lattice
defects a somewhat arbitrary but typical value of 1 nm
was employed. The parameter n; for the cavities was es-
timated from the cavity radius and the surface density of
dangling bonds to be 1600, while the value for lattice de-
fects was equated to the typical value of 1.

The remaining undetermined quantities for the model
calculations are the strengths and depth-integrated areal
densities of the three types of trap, and these were ob-
tained by fitting to the temperature-ramp data. When the
amount of D was sufficient to produce clear saturation of
a particular type of trap, we first selected the trap areal
density to reproduce the observed amplitude of the asso-
ciated release stage, and then adjusted the binding energy
to reproduce the observed release temperature. The cal-
culated release temperature is approximately proportion-
al to the sum of the trap binding energy and the diffusion
activation energy, with the dependence on trap areal den-
sity being substantially weaker. Saturation is apparent
for the cavity-associated traps producing the stage near
1000 K in ramps no. 1 and no. 2 of Fig. 11, and also for
the stronger of the two lattice-defect traps which
influence ramp no. 4. The remaining lattice-defect stages
in the figure were fitted by optimally reproducing the
shape and central temperature with the constraint that
the already determined binding energy of the stronger
lattice-defect trap was not altered, and further, that the
areal density of the stronger defect traps was the same for
He-implanted and Si-ion-irradiated samples. The results
are summarized in Table I.

We noted in Sec. IID that the kinetics of thermal
release from cavity-wall traps are, in fact, relatively sim-
ple, in part because the release stage occurs after depopu-
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lation of other trapping centers. This is illustrated by ap-
plying the simplified formulation of Eq. (8), using param-
eters appropriate for cavity-wall traps annealed at 973 K.
The trap binding energy Q, the areal density of traps
Ar, and the D diffusion coefficient were taken from Table
I, while the trap depth / was equated to the average im-
plantation range of 30 keV *He obtained from the TRIM
range code, 290 nm. The result of the calculation is given
by the dashed curve in Fig. 11. The simplified treatment
is seen to depart only slightly from the more elaborate
calculation in the region of the 1000-K release stage.
This comparison reinforces the point that the relation-
ship between the highest-temperature release stage and
the binding energy of D at the cavity walls is straightfor-
ward and provides a realistic means of quantifying the
binding energy.

An interesting feature of Fig. 11 is that some of the cal-
culated release stages are slightly broader than their ex-
perimental counterparts. This is most noticeable in
ramps no. 1 and no. 2 for the stage ending near 900 K.
One possible cause is the annealing out of some defect
traps during the release stage, so that the extent of re-
trapping progressively diminishes during the stage. This
modest disparity is not believed to be important for the
purposes of the present paper.

The possibility of D, formation within cavities was not
included in the model calculations of Fig. 11. Experi-
mental justifications for this were presented in Sec. IV B,
where we showed that the fraction of D in molecular gas
was small, except possibly in ramp no. 2, and further that
the chemisorption on cavity walls is energetically pre-
ferred. It was nevertheless instructive to calculate the
temperature-ramp release stage for D, initially within
thermal cavities. The treatment paralleled that of He
release, which was discussed in Sec. IV A, and the same
cavity microstructure was assumed. The principal
difference was the use of Eq. (6), which contains the
square root of fugacity instead of its first power,
reflecting the fact that the H, molecule is diatomic. The
starting areal density of D atoms present as D, was 100
nm~2, the Van der Waals molecular volume was
b =0.044 nm3,*! the solubility of H in Si was taken from
the literature,”® and for simplicity other trapping effects
were omitted. The half-amplitude temperature of the re-
sulting release stage was 920 K, well below the tempera-
ture of debonding from internal surfaces. This tempera-
ture does imply, however, that D, gas is competitive with
lattice-defect traps; the reasons for its modest influence
on the present temperature-ramp results are, first, that
for ramps no. 3 and no. 4 the requisite open cavity
volumes were not present, and second, that for ramp no.
1 there were sufficient wall-bonding sites to intercept
most of the D that encountered cavities.

The theoretical fitting in Fig. 11 yields a trap binding
energy for D at cavity-wall sites of Q;=2.07 eV with an
estimated uncertainty of +0.2 eV. Conversion to Si-D
bond energy, which is expressed relative to the D atom in
vacuum, is accomplished using Eq. (5). Taking the well
established values Eq=1.86 eV (Ref. 29) and Ez =4.52
eV, we obtain E5 =2.5+0.2 eV.

The remaining fitted binding energies, Q,=1.3 eV and
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0,=1.6 eV, are characteristic of H trapping at defects.
The fact that the corresponding Si-'H stretch frequencies
in Fig. 7 lie above 2050 cm ™! suggests that the responsi-
ble defects are of vacancy type.** Specific structural
identification is not possible from the present work, how-
ever. It should also be noted that the defect microstruc-
tures may have evolved during the release stages, in
which case the assumption of static trapping centers in
the model calculations would not be strictly valid.
Hence, Q, and Q, should be regarded as semiquantita-
tive.

V. DISCUSSION AND IMPLICATIONS

The Si-H surface-bond energy of 2.5+0.2 eV obtained
in this work is close to the dissociation energy for Si-H
bonds at the (111) Si-SiO, interface previously derived
from EPR experiments, 2.56+0.06 eV.2! The value is
substantially smaller, however, than the reported dissoci-
ation energy of the H;Si-H bond in silane, 3.9 eV.22 We
suggest that these relationships largely reflect the
influence of the nearest-neighbor environment of the Si
atom to which the H atom is attached. For both the Si
surface and the (111) Si-SiO, interface, the subject Si
atom is bonded to three Si atoms of the crystalline sub-
strate; differences in coordination appear only at the
next-nearest neighbors, some of which are oxygen in the
case of the Si-SiO, interface. The immediate bonding en-
vironment is qualitatively different for silane, where a sin-
gle Si atom forms four Si-H bonds.

The influence of nearby bonding on the Si-H bond en-
ergy is exhibited in recent theoretical work by Edwards,
who employed a semiempirical molecular-orbital tech-
nique to treat the interaction of H atoms with the Si dan-
gling orbital at the Si side of the (111) Si-SiO, interface.??
His calculated energy for Si-H dissociation is 2.7 eV, in
good agreement with the experimental value of 2.56 eV.
Edwards has more recently used the same theoretical
methods to calculate the dissociation energy for the
H,Si-H bond in silane.”* He obtains 3.65 eV, again in
good agreement with experiment. These calculations in-
dicate that the environment of the Si dangling orbital can
indeed lead to shifts as large as 1 eV in its affinity for H.

Having obtained the strength of the Si-H surface
monohydride bond, we now consider its implications for
the energetics of desorption and adsorption represented
in Fig. 1. Combining Egz=2.5 eV with the average re-
ported desorption activation energy Ep~2.5 eV and the
H-H recombination energy E;,=4.5 eV, we obtain from
Eq. (1) the activation energy for H, chemisorption:
E =2.0 eV. This relatively large value is consistent
with the experimentally observed difficulty of chemisorb-
ing molecular H, onto Si surfaces. It therefore resolves
the problem, described in Sec. II B, of small E , resulting
from previously assumed larger values of the Si-H bond
energy.

Knowledge of both Egz and Ej, is useful in interpreting
the reaction paths by which H, is desorbed and adsorbed
on bare Si surfaces. For example, the derived large value
of E 4 implies a fundamental difference from the relative-
ly well established behavior of H on most metal surfaces.
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In the case of metals, the breaking of two metal-H bonds
is usually concurrent with H-H formation, and the ac-
tivation energy for desorption is nearly equal to the final
energy minus the initial energy (see, e.g., Ref. 31). One
then has E, =2Ep; —Eg and E ;,=~O0. In the case of H on
Si, the similarity of the values for E, and Ep combined
with the large E , suggest the possibility of a two-step
process in which a Si-H bond is first disrupted, consum-
ing a large fraction of the observed desorption activation
energy, followed by the exothermic reaction
H+Si-H—H,+Si-. The difference from metals may
arise from the strong directionality of Si-H bonding on
the Si surface, as a result of which substantial energy is
required to move one H atom from its equilibrium posi-
tion into the proximity of another H atom. Such direc-
tionality is evidenced by the relatively large activation en-
ergy for H surface diffusion; on the (111) 7 X7 surface, for
example, the reported diffusion energy is about 1.5 eV.%

Under the conditions of our experiments, the oxidized
Si surface did not detectably impede H release from the
underlying bulk. Since the areal density of dangling
bonds available for H occupation at the Si-SiO, interface
is small, a value of 0.03 nm ~ 2 being representative for the
(111) interface,?! it is appropriate to explore release
mechanisms which might be sufficiently rapid to account
for this observation. We initially examined the first-order
process previously investigated in detail by EPR whereby
H atoms on the dangling bonds are released into the
overlying oxide, presumably undergoing exothermic
recombination to form H, at some later time.?! (Molecu-
lar H, is both soluble and mobile in vitreous SiO,.*%) The
activation energy obtained by EPR for the dissociation of
the interfacial Si-H bonds is 2.56 eV, as noted above,
while the prefactor per dangling-bond site is 1.2X 102
s~ . When this surface-release process was incorporated
into the formalism of Sec. II D in order to treat tempera-
ture ramp no. 4 in Fig. 11 and the associated depth
profile in Fig. 10, agreement with the experimental data
was poor. At 908 K with a dangling-bond areal density
of 0.03 nm 3, the model calculation showed only 0.20%
of the initially implanted D fluence of 97 nm ™2 having
left the sample, with an areal density of 74 D/nm? occu-
pying the *He-implanted layer at 2400 nm. By compar-
ison, the experimental depth profile at 908 K shows a loss
of 82% and 14 D/nm? occupying the deep ’He layer.
Even when the areal density of dangling-bond sites was
increased 1000 times to 30 nm ™2, which is several tenths
of a monolayer, surface-barrier effects were still observed
in the model calculation through the sensitive partition-
ing of D between surface release and the >He sinks at
2300 nm. Hence, this mechanism is unlikely to be the
dominant one in accommodating D release from the un-
derlying Si bulk.

More rapid H release through the oxidized Si surface
might occur by a recombination reaction between one H
atom on the dangling-bond interfacial site and a second
H atom in a nearby lattice-solution site. This process
would be exothermic, with the released energy per H,
molecule being given by Eg+Eg /2—Ez=1.6 eV in the
notation of Eq. (5). The key unknown is the extent to
which activation barriers are present in the reaction path
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between initial and final states. Here we consider hy-
pothetically the situation where such barrier effects are
small. Then, the dangling-bond sites at the Si-SiO, inter-
face effectively behave as sinks for H from the underlying
Si matrix; in particular, when such sites are initially
unoccupied, nearby H atoms in solution form Si-H bonds,
whereas when Si-H is already in place, a second ap-
proaching H atom stimulates the recombination reaction
producing H,. As a result, the release process is limited
simply by the diffusion of H to the interfacial dangling-
bond sites. When such a process is incorporated into the
formalism of Sec. II B, assuming dangling-bond sites with
an areal density of 0.01 nm ™2 and a capture radius of 1
nm, the calculated thermal evolution of the system is vir-
tually indistinguishable from the case of unrestricted sur-
face release. This release mechanism therefore provides a
plausible but unconfirmed explanation of the experimen-
tally observed behavior. We also do not rule out the pos-
sibility of H-H recombination at interfacial sites removed
from the dangling-bond centers.

VI. SUMMARY AND CONCLUSIONS

By characterizing the interaction of H with internal
surfaces in Si we have achieved the first determination of
the surface monohydride bond energy; the result is
2.5+0.2 eV when referenced to the H atom in vacuum.
Based on the sharpness of the associated thermal release
stage and the simultaneous decrease of IR absorption
structures corresponding to Si-H on (111) and (100) sur-
faces, this bond energy is believed to be nearly invariant
over the (111) and (100) facets and curved regions of the
cavity walls. Such invariance suggests, not surprisingly,
that the bond energy is hardly affected by interactions
beyond the nearest neighbors of the Si surface atom to
which the H is attached. The above bond energy is
smaller than that reported for the H;Si-H bond in silane,
in accord with theoretical calculations. It is very close
to the dissociation energy of the Si;Si-H bond at the
Si-SiO, interface, however, as expected from the similari-
ty of local bonding configurations. The above surface
bond energy implies that the state of atomic chemisorp-
tion is energetically preferred over H, gas, but also that
there is a substantial activation barrier of about 2 eV to
the chemisorption.

The present experiments also provide a semiquantita-
tive indication of the strength of H trapping at displace-
ment damage in Si. Two distinct defect-related stages
were observed in the thermal release, and these corre-
spond respectively to binding energies about 0.4 and 0.7
eV smaller than that at cavity-wall sites. Based on our
IR spectroscopic results and earlier work on the
identification of spectral features, the above binding ener-
gies are tentatively ascribed to vacancy defects.

The oxidized external surface of Si did not detectably
impede the release of H from solution, even in experi-
ments designed to be sensitive to such effects. We there-
fore inferred the presence of a mechanism of rapid molec-
ular recombination at the Si-SiO, interface, one con-
trolled predominantly by diffusion within the underlying
Si lattice. A previously investigated process involving



13 394

thermally activated, first-order release of H atoms from
Si dangling bonds at the Si-SiO, interface into the oxide
was shown to be too slow by orders of magnitude. This
led us tentatively to propose a recombination reaction be-
tween one H atom on the interfacial dangling bond and
another H atom in a nearby solution site within the Si.
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FIG. 4. Cross-section bright-field TEM micrographs of (001)
Si implanted with 1000 * He/nm? at 30 keV and then annealed
for 30 min at (a) 973 K or (b) 1073 K. The inset in (b) exhibits
the faceting on an enlarged scale. The images were acquired
near the (100) orientation with defocus values of —900 nm in
(a), —500 nm in (b), and —200 nm in the inset.



