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Binding energies of hydrogen to the Si111) 7x7 surface
studied by statistical scanning tunneling microscopy
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The equilibrium distribution of hydrogen chemisorbed to adatoms @Hl9i 7X7 surfaces has been deter-
mined by counting the occupied adatom sites in scanning-tunneling-microscope images of hydrogen-treated Si
surfaces. From the distribution of the chemisorbed hydrogen, we are able to determine the relative binding
energies of hydrogen to the four different symmetry adatd®8163-18206)51720-0

Silicon surfaces are known to be highly reactive to atomic log;oT=alog;ol +b, (1)
hydrogen. Hydrogen-treated silicon surfaces have been stud-
ied by various surface analysis techniques including
electron-energy loss spectroscdggmperature programmed in the temperature range from 598 to 867 °C, where
desorptior?, low-energy electron diffractiofLEED)?> and a= 0.280,b=2.7758, andT is measured in degrees Celius
scanning tunneling microscopySTM).>* Of these tech- andl in amperes. The fit was then extrapolated to obtain the
nigues STM is uniquely capable of resolving individual sur-temperature at lower heating currents, below the range of the
face atoms. In this paper we describe an STM study of th@yrometer calibration. Thermocouple calibrations below
distribution of chemisorbed H on @il1) 7X7 surfaces, fol- 550 °C on a test sample confirmed that Et). accurately
lowing exposure to submonolayers of atomic H. Chemi-describes the temperature for our sample configuration.
sorbed hydrogen is easily imaged by STM through its effect After the cleaning procedure described above, the surface
on the Si surface states. By a statistical analysis of STMexhibited a %7 LEED pattern, typical of the §i11) 7X7
images of H-treated Si surfaces, we show that it is possible teeconstructed surface, described by the dimer-adatom-
get remarkably precise information on the relative bindingstacking fault(DAS) model’ The 7x7 reconstruction was
energies of H at different sites. Similar statistical STM tech-also seen by STM as shown in Fig. 1. The homebuilt STM is
niques should be applicable to other chemisorption probeescribed elsewhefeln this image, each X7 unit cell has
lems. two triangular arrays of six adatoms. We refer to the adatoms

In these experimentp-type S{111) samples were pre- at the corners of the triangular arrays as corner adatoms and
pared as follows: degrease in trichloroethylene, acetone, artie adatoms in the middle as middle adatoms. The adatoms
methanol; etch in boiling nitric acig70.5% for 10 min, can also be distinguished according to whether they are on
followed by 15 s in 2.5% hydrofluoric acid solution, and the faulted or unfaulted half of the unit cell. In STM images,
rinse in deionized water. The etching and rinsing steps werat positive tip bias voltage, the adatoms on the faulted half of
repeated three times followed by a final soak in boiling nitricthe surface unit cell appear brighter than the adatoms on the
acid for 10 min(to create a surface oxigland then arinse in unfaulted side. Each adatom has one dangling bond that re-
deionized water. The sample was then loaded into a UH\Acts readily with atomic hydrogen. In the DAS structure
chamber (%10 % Torr) through a load lock. Inside the there are also six “rest atoms” per unit cell in the layer
UHV chamber the oxide and residual carbon were removetielow the adatoms, which have dangling bonds that are not
by heating the sample by direct resistive heating. The samplerminated by adatoms. The rest atoms can also be seen by
and its holder were outgassed by heating the sample t8TM, with positive tip bias, but are much less prominent
550 °C for 12 h. Then the oxide was removed by heating tdhan the adatoms. We have not attempted to image the rest
850 °C for 10 min, and the carbon by heating to 1250 °C foratoms.
2 min® The pressure was maintained in the 30rorr range The Si surface was reacted with atomic H by exposing it
or less during the high-temperature anneal. The sample wde H, in the presence of a tungsten filament. The filament
cooled rapidly to 900 °C and then slow(§ °C/g to 550 °C ~ was located 15 mm in front of the sample and heated to
and then allowed to cool to room temperature in about 2 h.1900 °C, as measured with a disappearing filament pyrom-

Above 550 °C the sample temperature was measured witdter. To minimize radiative heating of the sample, exposure
an optical pyrometer. Below 550 °C, the temperature wagimes were limited to 100 s. At the end of a 100 s exposure
inferred from a logarithmic extrapolation of the high- the sample temperature was found to increase slightly to
temperature measuremefits this method the sample tem- 33 °C, as determined by a thermocouple mounted on a test
peratureT as a function of the heating curreints fit to the  sample. To ensure that there is no contamination of the
following relation: sample by the filament, a test sample was placed close to the
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heated filament for 100 s with no hydrogen present. AfterH. No change was observed in the LEED pattern for this
wards, no changes were seen either in the LEED patterns @xposure. Since the room temperature reactivity of Si with
in the STM images. H, is more than six orders of magnitude lower than its reac-
From the filament geometry and the known dissociationivity with atomic H?2 we assume that the H reaction stops
rate of molecular hydrogen on hot tungsten we estimate thaghen the filament is turned off. Figurét) is an STM image
the flux of atomic H is 0.3% of the total molecularzl-iilux.9 of the surface, after this exposure, in which many of the
Hydrogen was introduce_d into the chamber at a pressure Qdatoms appear to be missing. \Wihe H atom bonds to an
4.8x10 ° Torr and the filament heated for 100 s. This cor- agatom, the surface states associated with the dangling bond
responds to an exposure of 4.8 L ogldr 0.01 L of atomic 516 removed from the gap resulting in the apparent disap-
pearance of the reacted adatom from the STM imi£gehus

S L the adatoms that are missing in FigblLare adatoms that
v ':-&l ’_ o = have reacted with H. The apparent disappearance of some of
SPETL g.’ ,5 s the adatoms is not due to etchif@mova) of the atoms: it
§ i1 4 has been shown that heating Si exposed to submonolayers of

H up to the desorption temperature of the H does not etch the
adatoms”’

By counting the reacted adatoms in STM images of
H-exposed surfaces, we can determine the relative probabili-
ties for H reactions with the four different adatoms sites. We
counted the reacted adatoms in 273477unit cells in 32
STM images similar to Fig. (b). For a total of 3850 reacted
adatoms, we found that 18831 or 49.2-0.8 % were cor-
ner adatoms and 195731 or 50.8: 0.8 % were middle ada-
toms. The error ranges are one standard deviation for a bi-
nomial distribution of 3850 events with a mean of 1957.
There is a slight preference for reactions with the faulted half
of the unit cell: 57.30.8 % were on the faulted half and
42.7+0.8 % were on the unfaulted half of the unit cell, with
the statistical uncertainties calculated as before. Since we
expect surface diffusion to be negligible at room tempera-
ture, we attribute the small asymmetry in the populations on
the two halves of the unit cell to differences in the sticking
coefficient.

After exposing the surface to 0.01 L of atomic H, we
heated the sample at 658 K for total times of 20 s, 100 s, and
500 s. The thermal response time of the sample was found to
be less tha 1 s from thermocouple measurements. The H
exposure was repeated on a fresh sample, which was subse-
quently annealed at 735 K for total times of 5's, 20 s, 100 s,
and 500 s. No changes were detected in the LEED patterns
following the heat treatments; however, clear changes were
observed in the STM images. A typical STM image of the
surface after heating for 20 s at 735 K is shown in Fig).1
As before, many of the adatoms are reacted with H, indicat-
ing that the heat treatment has not been severe enough to
drive off the hydrogen. Similar images were obtained after
the other heat treatments. Heating to 834 K was found to
recover the completeX’7 reconstruction, indicating that the
H has been completely removed. This confirms that the Si
adatoms that appeared to be missing were bonded to H and
not removed by H etching.

The distribution of H on the different adatoms is shown in
Figs. 2a) and(b). This data was obtained from a number of

FIG. 1. STM images of $111) 7x7 surfaces(a Si surface  different STM images before and after heat treatments at
prior to H exposureib) Si surface after exposure to 0.01 L of 698 K and 735 K. As shown in Fig. 2, H has a clear prefer-
atomic H at an average temperature of 302 K; égcsurface with ~ €nce for the middle adatoms and for the faulted side of the
the same H exposure as) fo“owed by 735-K anneal for 20 s. The Unlt Ce” aftel’ annea“ng In Flg 3 we ShOW the tOta| bonded

horizontal scan range in these images is 29 nm. The bias voltagdd as a function of the annealing time at 658 K and 735 K,
on the tip were 2.5-1.0, and—0.9 V for (a), (b), and(c), respec-  Obtained from the same STM images. In Fig. 3 the percent-

tively. The tunneling currents were 1.8 nA, 2.4 nA, and 1.2 nA, age of reacted adatoms increases continuously with anneal-
respectively. ing time at 658 K. We attribute this increase to a net migra-
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The H-atom distributions observed by STM at room tem-
perature were found to be unchanged over times differing on
the order of hour§2—7 h from the time of the heat treat-
ments. This is reasonable given the expected 1.5-eV activa-
tion energy for H diffusiont® If the attempt frequency is
10*? s~ and the activation energy is 1.5 eV then at 735 K
the hop time for hydrogen will be about 20 ms. In this case
the room-temperature hop time is orders of magnitude longer
than the experimental time scale.

With sufficiently high annealing temperature and enough
time, the hydrogen distribution will achieve an equilibrium
among the different chemisorption sites. Referring to Fig.
2(b), since the distribution is unchanged following the 100-s
anneal at 735 K, we conclude that this is an equilibrium
distribution.

From this equilibrium distribution, we can infer the rela-
tive binding energies of H at the different sites. In thermal
equilibrium the probabilityp; that a hydrogen atom is
bonded to a site with binding ener@y is

-2 o4
Pi=Z exp — T/ 2

whereZ is the partition functionk is Boltzmann’s constant,
andT is the temperature. To obtain the probabilities in ther-
mal equilibrium, the data for the 100 s and 500 s heat treat-

ments

at

are averaged resulting in

FIG. 2. Relative probability for H bonding to the four symmetri- p;,=0.100+0.006, p,=0.203+0.008, p,,=0.252+0.008,

cally distinct adatoms on @&i11) as a function of annealing tin{@)
at 658 K andb) at 735 K. The adatoms are labeled by the let@&rs
M, F, and U, which mean “corner,” “middle,” “faulted,” and

and p,s=0.445+0.010, wherec and m refer to corner and
middle adatoms, respectively, andand f refer to adatoms
on the unfaulted and faulted half of the unit cell, respec-

“unfaulted” respectively. The error bars are statistical uncertaintiestively. These results were compiled from 23 STM images by
calculated from the number of atomic sites that were counted fogounting 2619 reacted adatoms in 204977unit cells. The

each data point.

tion of H from the rest atoms to the adatoms. This suggest
that H has a higher binding energy on the adatoms than on
the rest atoms. At higher temperat785 K) the percentage

statistical errors were calculated as before. From(Bgand
the thermal equilibrium probabilities, we find that the rela-
five binding energies of the four different symmetry adatom

of reacted adatoms increases, then decreases, with annealing e — QU
time. The initial increase is believed to be due to migration 10+
of H from the rest atoms to the adatoms, as observed with the
658-K annealing. The longer-term decrease is due to loss of 20T
H by evaporation. 30—+
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FIG. 4. Energy-level diagram showing the relative binding en-
ergies for H on the adatoms located at the corner and middle sites
on the faulted and unfaulted sides of th&7 unit cell. The lines

markedU andF indicate the average binding energy for the equi-
FIG. 3. Fraction of Si adatoms with chemisorbed H as a func-librium population of H on the faulted and unfaulted sides of the

tion of annealing time at 658 K and 735 K.

Si(111) 7Xx7 surface unit cell.
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sites on the $111) surface areE,— E4=44.8-6.3 meV, the faulted part of the unit cell. There are no electronic struc-
Eey— Eqmy=58.5+5.8 meV andE.,—E,=94.5+5.2 meV. ture calculations of the surface-state energies for the corner

The results are shown schematically in the energy-level diag@"d middle adatoms. However the corner adatoms are
gram in Fig. 4. bonded to three first-layer Si atoms that are all bonded to Si
This analysis assumes that the sample cooling is Sufﬁ(_jimers in the layer below. In the case of the middle adatoms,
on the other hand, only two of the three first-layer atoms

ciently fast that the hydrogen equilibrium is not representa; "
tive of a lower-temperature freeze-in point during the Pelow the adatoms are bonded to Si dimers. Thus the second-

cooldown. The equilibrium distribution is unlikely to change neighbor interactions are diffe_rent anc_j CQUId be responsible
much during the cooldown in our experiment for the follow- Iﬁr thgd((j)lbser\(/jed dlfferegctes n tshe blnddmg_ cr)]fbhydrogtlan to
ing reasons. First, the sample heated3cs has a different € middie and corner adatoms. Second-neignobor overiap in-

hydrogen distribution than the ones that are heated for IongéFgrals are on the o_rder of 190 meV n silicbrirhis is the
times, which suggests tha s is notenough for full equili- same order as the difference in the m'dd'? and corner "’?da“’m
bration to take place. This means the equilibrium populatiorpmd'trlg energ|ii1for7?<y7drolgen.hSTM stl;d|estc_)flanémon|t§1 ad-
is established during the high-temperature anneal and n&ori)hlon %F:jlsﬁ d)t mié also show preterential adsorption
during the cooldown. Secondly the diffusion of hydrogen jsOn the middle adatoms. . o
much more strongly temperature dependent than the equilib- By extending the statistical analysis of the H distribution
rium population distribution among the various sites. This 0 lower temperatureg one may be aple to explore the ap-
means the H diffusion rate will change drastically with aproach to thermal equilibrium and obtain atomic scale infor-

much smaller change in the equilibrium population duringmat!(?n about the 'f'.”e_“cs .Of H d|ff_u5|on on Si surfaces in
the cooldown. addition to the equilibrium information.

As shown in Fig. 4, the average binding energy for hy- In conclusion, we have measured the thermal equilibrium

drogen on the faulted side of the unit cell is 37 meV Iargerdismbmion of chemisorbed H on @il1) 77 surfaces from

than on the unfaulted side of the unit cell. This is consistenf. statistical analysis of STM images. From the measured

with electronic structure calculations, which show that thedlstnbunon we are able to infer the relative binding energies

adatom dangling bond band is ¥J0 meV more strongly of H on the four symmetrically distinct adatom sites on the
bound on a faulted €111) crystal surface than on an un- Si(111) 7x7 surface.

faulted surfacé! Also, STM studies of P& Li'® and This work was supported by the Natural Sciences and
CeH:CI (Ref. 14 on Si111) show preferential bonding to Engineering Research Council of Canada.
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