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In a recent papefPhys. Rev. B48, 4492 (1993 ] Wampler, Myers, and Follstae@¥MF) have reported
measurements of equilibrium adsorption of deuterium on cavity walls in crystalline silicon. Their procedure
provides in principle a more reliable source of information regarding the Si-H bond energy than any previous
work. Here we propose an analysis of the data that has some advantages over the analysis given by WMF and
that yields a significantly higher binding energy. We first argue that the measure of binding most directly
following from the observations is the free energy at 860a deuterium atom attached to an average surface
silicon tetrahedrally bonded to three other silicons, relative to arf 80fface with a “dangling bond” at this
site and a deuterium at rest far outside; this free energy ist302B eV. We then discuss ways of extracting
from this a value for the binding enerdy at absolute zero, to compare with recent predictions from first-
principles quantum-mechanical calculations. This step requires some assumptions about the effect of chemi-
sorption on crystal vibrations; reasonable assumptions give about 3.15 eV, with a probable error modestly
larger than that of the 80BC free energy; the theoretical predictions range above and below this value by one
or two tenths of an eV, depending on assumptions about reconstrud&fi63-18207)00620-4

It has been recognized for some time that a knowledge ofequires high gas pressure, which interferes with measure-
the structure and energetics of the chemisorption bond bewents of adsorption, they opted to replace the usual study of
tween a hydrogen atom and a silicon surface is important foadsorption on external surfaces with a study of adsorption on
the understanding of many technologically interesting prothe walls of swarms of hollow cavities inside a silicon crys-
cesses, such as surface passivation, etching, and growtial. The cavities were generated by helium implantation fol-
Naturally, therefore, numerous efforts have been made ttowed by annealing to heal damage and expel the helium.
determine the enerdyy of this bond, defined specifically as Measurements of the amount of chemisorbed hydrogen could
the amount by which the energy of hydrogen bound to &e made after quenching from the equilibration temperature
surface silicon atom with three other silicons as neighborgnd removal of the external hydrogen, since escape of hydro-
lies below that of a hydrogen atom at rest at infinity with agen from the cavities via diffusion through the crystal was
“dangling bond” left behind on the silicon(This Eg may  slow enough to be negligible during the quench. The amount
depend, but probably only slightly, on the arrangement otthemisorbed could be inferred from measurements of infra-
other silicon atoms on the surfage. red absorption bands or more accurately, since the chemi-

Most previous efforts to determirg; have been based on sorbed hydrogen was greatly in excess of the hydrogen in
studies of rates of thermal desorption of hydroddsmfor-  other forms, from measurements of the yield of the transmu-
tunately, the interpretation of desorption data is beset byation reaction D{Hep) “He. The earlier papets focused
many uncertainties. For the conditions normally availableon the kinetics of hydrogen loss from the chemisorbed layers
the desorbing species is,Hand the interpretation of the rate on the cavity walls, which could be related to the previously
depends on the model assumed for the breaking of Sinown chemical potential and diffusion coefficient of hydro-
bonds and the formation of §1 Not surprisingly, there seems gen in interstitial solution at bulk sites of the crystal; this
to be a sizable activation barrier both for desorption and fohydrogen remained essentially in equilibrium with the
the reverse process of adsorption into the chemisorbed stateghemisorbed species during the anneals. In the most recent
The height of this activation barrier need have no simplepaper, by Wampler, Myers, and FollstabdiVMF) the
relation to Eg, yet it is all important for the slopes of chemisorption was studied at various known pressures of H
Arrhenius plots of desorption or adsorption rates. » gas, and with the aid of auxiliary measurements that we

Recognizing these sources of uncertainty, Myaral>=*  shall not attempt to critique, the authors argued that all the
have designed experiments measuring chemisorption undénportant factors had finally been brought under control:
thermodynamic equilibrium conditions. Since rapid equili- equilibrium, thermodynamics of the Hphase, knowledge of
bration requires high temperature, where sizable adsorptiogurface aredfrom electron-microscopic study of the cavity
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distribution, stability of the chemisorption coverage under temperature, is likely to be more reliable than a binding en-
guenching, and its quantitative measurement. ergy obtained from the slope of an Arrhenius line, especially
Our primary goal in this communication is to point out if data points for the latter are available only over a narrow
that among the various possible descriptors of the strength ¢emperature range.
binding of a deuterium atom to a three-coordinated silicon We assume a fixed numbal; of cavity-wall chemisorp-
surface atom, there is one, the mean free energy of binding PN sites, each of which can bind a neutral H atom with a
such surface atoms at 80, that can be inferred from the 9ground-state energlfg relative to that of an isolated atom.
experimental results of WMF without any reliance on otherVe neglect interactions of chemisorbed atoms with each
measurements on the silicon-hydrogen system or any a@ther, but allow each such atom to have an extra energy
sumptions about it, other than the assumpfiorade already Evio @nd entropyS,;, due to vibrational motion at the experi-
by WMF) of independent binding to the dangling-bond sites.méntal temperatur&. Then if the total energy oN= 6N,
Our analysis thus provides an attractive alternative to thadsorbed atoms B, and the total entrop$,, the hydrogen
given by WMF, which deduced the energy of binding atchemical potential is
800 °C, rather than the free energy, by an argument making
use of experimental results in the literature on the high- =
temperature solubility of hydrogen in bulk silicon, and incor-
porating some additional assumptions about the interpreta-
tion of these solubility results and about the similarity of the
entropy changes associated with bulk and surface binding.

The difference between our free energy and the energy in-

ferred by WMF is larger than seems reasonable for théelative to the isolated-atom ground state. Thig must be

temperature-times-entropy term, and we believe that ouf'® Same as that of the gas phase

number is the more reliable because it does not involve the E H-T KT
“ . . s . _ _D [¢] Sg o p
additional assumptions” just mentioned. BH=— + oN. + 5 In—1 , 2

A second goal of the present work is to infer, from the A atm
800 °C free energy of binding, as good an estimate as poswhere the first term is half the dissociation eneEyy of the
sible for the energy of binding at absolute zero, and to comH, molecule,N, is Avogadro’s numbert y, S are, respec-
pare this with t.he pGredictions of recent first-_principles theo-tively, the enthalpy and entropy of hydrogen gas at the ex-
retical calculations:® Such an estlmatg requires knpwlgdge perimental temperature and one atmosphere pressurey and
about the effect of hydrogen adsorption on the vibrationals the experimental gas pressure. Equating (Bpto Eq. (1)

energy and entropy of the crystal surface, hence it requiregives for the pressure dependence of the covetage
the use of additional experimental and theoretical assump-

J
(9_N(Ea_ Tsa)
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=— EB+ Evib—TS,ib—len

1—0)
o W

tions. Though further work needs to be done on these factors, _oc(p1 atm*?
we shall argue that a simple approximation using available o= 1+c(p/l atm172' S

data on hydrogen infrared modes is likely to provide a rea-

sonable estimate, and one unaffected by uncertainties in tHéhere

properties of bond-centered hydrogen at bulk sites. e o B
In the experiment of WMF a silicon sample containing c=exp{ Es— Evin TSin— Ep/2+ (Hg~ TS))/2Na (4

near-surface cavities was heated for a long time in a hydro- KT

gen atmosphere at each of several different pressures. qu}gure 2 of WMF compares the observé@p) values with

produced a state in which three subsystems were all in €dUBlots of Eq.(3) for three values o. The central plot, which
librium with each other: the external jas, the cavity sur- gives the best fit to the data, correspondscte5.28 at
faces with adsorbed hydrogen, and the bulk of the crystallingggoc g9 that.  with Ep= 4556 eV Hy—TS)/

silicon, with whatever fixed defects may have been presenfy _ _( g5 ev for deuterium at this temperatrene gets

in it. In the heavily cavitated subsurface region, the amount

of hydrogen bound on the cavity walls greatly exceeded the Eg—Eyip+ TS/ip=3.29 eV. (5)

amount in bulk solution, on the external surface, or present

as gas in the cavities. It could thus be measured after quench- The result(5) is a fairly clean and unambiguous conclu-

ing, by a nuclear-transmutation technique. sion if one accepts the measurements of WMF and the ap-
Our analysis uses two inputs, the chemical potential oproximate validity of a model with chemisorption on a single

gaseous H at the hydrogenation temperature and pres&re type of neutral noninteracting sites, a validity consistent with

well-known quantity, though not used in the analysis ofthe fit of the theoretical and experiment@(p) curves re-

WMF), and the measured concentration of adsorbed hydrderred to above. To compare with thé initio calculations of

gen on the cavity walls. The chemical potential of the latterRefs. 5 and 6, we must make some guesses about adsorbate

hydrogen can be simply relatéds was done by WMFto  vibrations, which affect the ground-state eneEyvia their

the average free energy of binding of hydrogen to an adsorpeero-point energy and also determine the last two terms on

tion site, if the interaction of adsorbates on different sites ighe left of Eq.(5). These contributions should properly be

neglected. Equating the two chemical potentials thus givedetermined as differences of vibrational energy and entropy

the free energy of binding. As was pointed out some yeardetween states with and without the presence of chemisorbed

ago in a reinterpretationof high-temperature solubility hydrogen. The chemisorption adds three new modes per hy-

data® such a free energy, obtainable from data at any singlelrogen, and it may also, by inertial loading and bond-bond
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TABLE |. Comparison of estimates of the average binding energy of deuterium to a silicon surface
dangling bond aff =0, obtained by starting from the experimental 8@ measurements of Ref. 4, or from
the first-principles calculations of Refs. 5 and 6.

Starting point Major assumptions Average binding energy, eV
Experiments The last two terms on the left-hand side of (By. 3.15
~ contribution of H modes~ 0.14 eV
First-principles theory The surface is initialif11) 7x7, and
all changed to X1 by hydrogenation 3.3FRefs. 5 and 1L
all remains K 7 after hydrogenation 3.08Ref. 6

interaction, increase or decrease the frequencies of the reeconstruction after each step, subject to ending up as
maining modes. For hydrogen attachment at a “danglingl X 1. Therefore, the 3.35 eV could be regarded as the pre-
bond” site, however, it may well be that these effects on thediction of first-principles theory for the averagé:g), of
silicon modes are rather smaller than the contributions of th&g over the successive steps, and over sites at each step.
new hydrogen modes, since the mass-loading effect is surely For a non¢111) surface, or if the coverage with hydrogen
small, the hydrogen provides no other steric impediment taloes not completely convert th@11) 7X7 surface to a
the motions of the silicons, and the effect of the new bond orix 1, some or all of the hydrogens will end up bonded to
the stiffness of the silicon-silicon bonds has been calculatedsilicons with a substrate environment different from that of
in some cases at least, to be fairly small. So pending than atom on a X 1 surface, and the theoretical average bind-
performance of more complete calculations, we shall makéng energy will be different[The calculations of Ref. 6, for
the crude assumption of equatiig;, andS,;, to the contri-  example, gave values ranging from 2.9 eV to 3.5 eV for
butions of the hydrogen modes to these quantities. attachment of a singléH atom to the different types of
Reference 2 reported a set of infrared absorption peakgangling bonds on a7 surface. It is noteworthy, however,
associated with deuterium on cavity walls, with frequencieshat earlier infrared measurements discussed in Ref. 4 indi-
clustered about an average of about 1520 ¢mand presum-  cated very similar binding energies frl1) surfaces and for
ably associated with stretching modes of6i-bonds in sev- monohydride coverage ofl100).] A rather improbable ex-
eral slightly different environments. If we evaluate the lasttreme case would be adsorption on all the dangling bonds of
two terms on the left of Eq5) for a stretching mode of this an otherwise unalteredX77 surface. From Ref. 6, with the
frequency plus two wagging modes of a third this frequencyaddition of about 0.05 eV to correct frof to 2H, this case
(as found by Cardorafor 'H), we getEg~3.15 eV for the  gives(Eg)~3.08 eV.
binding energy of deuterium to a surface monohydride site at Table | summarizes the reasoning we have used to get
T=0. The theoretical value predicted by the calculations ofapproximate comparisons of experimental and theoretical
Ref. 5 was 3.60 eV, for a Si-H bond or(&l1) 1X1 surface. binding energies. The difference between the two theoretical
This value included the effect of zero-point enef@y21 eV}  entries is probably mostly due to the difference in assump-
for H; the corresponding zero-point energy for deuterium istions described in the second column, rather than to the fact
0.16 eV, leading to a theoretical binding energy of 3.65 eVthat Refs. 5 and 6 made independent calculations by some-
The discussion just given has been carried out as if all thevhat different techniques, since for the one case calculated
hydrogen bonding sites were like those on on a sinipld) by both[saturation coverage of@11) 1X 1 surfacé the two
1X1 surface. This was what was assumed for the firstmethods gave binding energies differing by only 0.1 eV. The
principles theoretical calculations in Ref. 5. For the experi-agreement of the numbers in the last column is as good as
mental determinations af(p), this assumption may require could be expected in view of the uncertainties mentioned in
a modest correction for two reasons: not all the cavity wallshe second column.
were of (111) orientation, since somg00) facets were ob- This is, we believe, the best that one can say at present
served, and higher-index orientations must also have beemgarding the relation of the experiments of WMF to first-
present; also, on th@ 11) facets, it is not certain whether all principles theoretical calculations. A more accurate compari-
dangling bonds are equivalent, despite the disappearance s6n will be possible if more information becomes available
the 7X 7 low-energy electron diffraction pattern at high tem- on the effects of chemisorption on the stiffness parameters of
perature or hydrogenation. Without attempting to sort outhe silicon lattice. However, we do not believe that the cru-
these issues here, we wish merely to point out one fact. Acdity of our assumptions on this subject is a major cause of
cording to a recent estimafethe clean % 7 surface has an the contrast between our present conclusion and the apparent
energy lower than that of a hypothetical simplg 1 surface  import of the words “The bond strength of deuteriyb) to
by about 0.3 eV per surface atom. As noted in Ref. 5, thahe surface of silicon was determined to be 2:@r1
energy lowering, per surface atom, produced by first changeV..." in the first line of the abstract of WMF. The latter
ing the 7xX7 surface aff=0 to 1X 1 and then adsorbing a number was inferred by WMF as the enthalpy lowering,
2H atom on every surface site 9€1) would be —E; per adsorbed atom, when deuterium is removed from
3.65-0.3=3.35 eV. Now the same final state could be D, gas at 80(°C and attached to dangling bonds at a silicon
reached by progressively adsorbing small amount&bfin-  surface at this temperature, plus half the low-temperature
til =1 is reached, with any appropriate modification of thedissociation energy of a molecule. It is thus not directly com-
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parable with the 800°C free energy of our Eq5) or with solution cases. For the former, the approximate description
the T=0 energies of Table I. We may obtain a more conve-of the bond in molecular-orbital terms is that there is a
nient quantity for discussion if we add teE; half the en-  double occupancy of a bonding orbital formed from a hydro-
thalpy gain(0.32 eV per moleculewhen the gas is heated gen 1s orbital and a tetrahedral silicasap orbital. For solid-
from the absolute zero to 808C. This gives the energy solution hydrogen at a bond-center site, the corresponding
change per atom on converting ground-state molecules tapproximation has single occupancy of an antibonding or-
chemisorbed atoms on an 86C surface. Combining with bital formed from the tetrahedral orbitals of the two neigh-
the half dissociation energy as before now gives the energloring silicons. Unlike the hydrogenslorbital, this anti-
lowering (Eg— E,;,, in the notation used aboyen convert-  bonding orbital has a node at the position of the hydrogen
ing ground-state atoms to chemisorbed atoms on thwhen the latter is at its mediond-centerposition, though
800 °C surface; with an additional 0.02 eV to correct thethe Coulomb field makes it crowd more toward this node
4.60 eV room-temperature energy of WMF to thie=0  than the antibonding orbital between silicons would in the
value 4.56 eV, one gets finally, at 80C, absence of the hydrogen. This picture is confirmed by the
low hyperfine splitting found in electron spin resonance of
(Es—Eiin)wmr=2.67-0.16-0.02=2.49+0.1 eV. (6)  dissolved hydrogefi'* or “anomalous” muoniunt® Be-
o ) sides this difference in bonding, the chemisorbed and solid-
The correct Eg—E,p) at 800°C should differ from Eq.  gojution cases differ greatly in their geometry, the former
(5) simply by the termT' S, ; however, a surprisingly large paying a free attachment to one silicon, and the latter having
value, 0.8 eV, would be required for the latter quantity tohydrogen squeezed in between two silicon neighbors.
make Eq.(6) and Eq.(5) agree. The rough model we have " There are several as yet unresolved uncertainties regard-
proposed aboveneglect of the alteration of the “silicon jng the proper interpretation of existing high-temperature
modes” by chemisorptionpredicts only about 0.30 eV for  so|ypbility data, and it would be inappropriate to try to discuss
TSiib. So we must conclude either that there is a markedhese fully in the present paper. We shall merely mention a
softening of the “silicon modes” by the chemisorption, So few facts and puzzles that bear on the reliability(lof), and
that our model vastly underestimat8g,, or else that the more importantly on the reliability ofa).
two physical assumptions used by WMF to infer the value Tg pegin with, studies published since Ref. 4 have estab-
(6) from the experimental data are not to be trusted. The firsfished conclusively that near and below room temperature
of these assumptions, explicitly stated in Ref. 4, was as folthe H/H * donor level is high# near the conduction-band

lows: edge, while the H/H® acceptor level is near midgapso

(a) The changes in vibrational energy and entropy due t&hat hydrogen. is a St.rof’g'y “_negati\kd’-’ impurity. A(;ssum-
attaching a hydrogen atom to a surface dangling bond ard'd @ dualitatively similar picture at 10081300 °C, we
nearly the same as those produced by inserting a hydrogéH“St expect monatomic hydrogen in intrinsic silicon at these

0
atom at a bond-center position deep in the silicon lattice. temperatures to be mostly H not H’. If the donor level
i o . .. . were independent of temperature, the Arrhenius prefactors
The second assumption, not stated explicitly but implicit infg 40 3nd H* would only differ by a factor twathe spin

the absence of any mention of charge states of dissowe&’egenerac}y an inconsequential amount. However, a larger
hydrogen, was as follows: difference could occur if the donor level varies with tempera-

(b) The dissolved hydrogen measured in existing solubilture (i.e., if the vibrational entropies of Hand ',"O are dif-
ity studies above~1000 K (e.g., the early work of van fereny. While a seriously _Iarge difference in prefactors
Wieringen and Warmoltzor the recent work of Binngt would probably only occur if one of the species “rattles,”

al1? consists of nearly all the monatomic neutral specied-€- has access to a rather large volume around its minimum-
HO. energy position within which its adiabatic potential is no

more than one or tw&T above its minimum value, it hap-

Actually, this assumption can be relaxed somewhat, as Egens that the likelihood of just such a rattling was explicitly
(3) of WMF, the key equation used to extract the chemisorpyginted out a few years ago on the basis of first-principles
tion energy, uses only one datum from the solubility exXperi-gnergy calculations’

ments, namely, the prefact@ in the Arrhenius expression  nvoreover, there is experimental evidence for “rattling”

for what is interpreted as the concentration of dissolvedyt the dominant speciegpresumably H). By reasoning
0 . .
H®. Thus(b) can be replaced by the less restrictive assUMpgosely paralleling that of Eq¢1)—(5) above, one can relate

tion the concentration of the latter in equilibrium at any tempera-
ture T to its binding energyeg at T=0 and the change per
dissolved atom in the vibrational free energy at temperature
T. Thus the height and slope of the Arrhenius line on any
small region of temperatures determingg and the
There are good reasons for mistrustif@y and (b’). We  hydrogen-induced changg, in vibrational entropy. It turns
shall start with a few general remarks about whyis quali-  out that either of the Arrhenius lines for total dissolved hy-
tatively implausible, and then raise some quantitative issuegdrogen reported in Refs. 8 and 12, respectively, requires, if
about high-temperature solubility that probably imply thatinterpreted as dominated by *H that the value ofS, for
even if(b’) is not far wrong,(a) is a poor approximation. Our H™ at around 1400 K be abo@f0-11k, about twice the
general distrust ofa) is due to the fact that bonding of hy- value that would be contributed by stretching and wagging
drogen is very different in the chemisorption and solid-modes of frequencies similar to those for surface-bound

(b’) The intercept of the Arrhenius line for dissolved H
(at constant gas pressumdiffers negligibly from that which
has been reported for total dissolved hydrogen.
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hydroger?® But a “rattling” of the H* over a volume So much for our preferring to focus attention on E§).
almost an order of magnitude larger than that accessible tand Table | rather than on the procedure used by WMF
an atom vibrating with typical hydrogen-mode frequenciesto estimate binding energy. Similar arguments, which we
might account for the larg&,;,. Alternative explanations, shall not describe in detail, suggest an upward revision of
which we would regard as less plausible, could be a markethe estimates ofg derived in Refs. 2 and 3 from the
softening of the silicon-silicon bonding by the presence offeasured escape rate of hydrogen from the cavities through
H*, or a large contribution of some other species, e.g,, H the bulk. This is because the analysis in the latter studies,
to the measured total dissolved hydrogen. t.hough in prmc[ple correct, again made. use of what we be-
It should now be clear that the simultaneous validity 0flleve to be an inappropriate interpretation of the results of

: "o . Ref. 8.
mption n is very unlikely. If among the alter- . . N
2;3?/esptrr?e§fi‘z)ﬁeg(gt)tse eegduof tﬁg Ias? pgrggtrafof? ttie fe}- In conclus_lon we would like to stress the deS|_rab|I|ty of
vored one—rattling of H—is correct,(b’) can be correct urther expenmentql work, perhgps simply extensions o_f the
only if bond-centered M rattles with similar parameters. But v;/]ork of W.MF' It might be pOSSIble., for example, to refine :
in such a case assumptiéa is surely wrong, since surface- the numerical dajca and explore their dependence on thel mix
bound H surely does not rattle. The hypothesis of silicon-Of crystallggrap_hm planes involved. And, perhaps more im-
silicon bond softening by Fi could allow the validity of portantly, if a wide enough temperature range could be cov-

o) and(s) 1 here wre  remarabletree-way coin: 96,0 COUSILCL 1 hert e, he erceptof e e
cidence of the amounts of bond softening by bond-centere P P

HO, bond-centered H, and surface-bound H And if a spe- Vb and Sy, occurring in Eq.(5).

cies like H, were steering the Arrhenius line of the solubil-  We acknowledge useful discussions with D. Biegelsen
ity, this line would have no relevance to the chemisorption ofand J. E. Northrup. We would also like to thank the authors
a single H. of Ref. 4 for an illuminating correspondence.
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