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The equilibrium spatial distribution of hydrogen atoms adsorbed on the clean Si(100)-2⫻1 surface under
ultrahigh vacuum conditions has been investigated by means of scanning tunneling microscopy 共STM兲. Singly
occupied dimers, doubly occupied dimers, and clusters of adjacent doubly occupied dimers along a dimer row
are observed. Through the evaluation of large-area STM images, a quantitative assessment of the prevalence of
the different adsorbate configurations has been obtained for a range of hydrogen coverages from 0.03 to 0.59
monolayers. At moderate coverages, most of the hydrogen adatoms are found in doubly occupied dimers, while
a relatively small number are present as singly occupied dimers or as part of clusters of doubly occupied
dimers. The interaction between doubly occupied dimers was examined by determining the experimental size
distribution of clusters and the spatial correlation function for the doubly occupied dimers. A nearest-neighbor
interaction model is compared with experiment within analytic approximations and through full Monte Carlo
simulations. The model is found to agree well with the experimental results. An effective pairing energy of
⫽0.31⫾0.04 eV and an effective clustering energy of  ⫽0.04⫾0.01 eV are inferred. These results are
independent of any hypothesis concerning the adsorption/desorption pathways, but have implication for possible pathways and their kinetics.
DOI: 10.1103/PhysRevB.68.155418
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I. INTRODUCTION

The system of H/Si(100)-2⫻1 has been the subject of
considerable attention over the past years because of its technological relevance and its inherent scientific interest as
model for chemisorption on a covalently bonded surface.
With respect to the former, it may be noted that the interaction of hydrogen with silicon surfaces is significant in the
growth of silicon films by chemical vapor deposition. Indeed, in certain regimes hydrogen desorption is the ratelimiting step for the growth of epitaxial silicon films.1 In
addition, the role of hydrogen in passivation of silicon surfaces imports additional importance to this system.2
From the perspective of fundamental surface science,
H/Si共100兲 is attractive because of the simplicity of the clean
H/Si(100)-2⫻1 surface and of adsorbed species. In particular, at low adsorbate coverages, hydrogen is present in a
monohydride phase and binds through an interaction with a
dangling bond of the reconstructed surface, without any dramatic change in the underlying Si surface structure. This
basic outline of the features of the system is well understood.
Despite this apparent simplicity, the system still presents
many intriguing features. Particularly noteworthy are the
characteristics of adsorption and desorption of molecular hydrogen on this surface. The dissociative adsorption process
exhibits a dramatic enhancement in efficiency with increasing surface temperature, an effect that has come to be known
as phonon-assisted sticking.3,4 Thermal desorption of hydrogen also exhibits unexpected features. Particularly striking is
the strong departure from the expected second-order kinetics
observed for the recombinative desorption process.5–7
Fundamental to consideration of these phenomena and of
obvious intrinsic interest is the question of the equilibrium
structure of the adsorbate-covered surface. For fractional adsorbate coverage, the hydrogen atoms are not arranged randomly among the available dangling-bond sites. They are
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found rather to exhibit a strong propensity to occupy a pair
of dangling bonds on a single dimer. The driving force for
this pairing effect lies in the  bond formed between the two
Si atoms of a clean dimer.8,9 This  bond is disrupted when
one H atom is adsorbed on the dimer. Thus two H atoms on
distinct dimers prefer to occupy a single dimer, which permits the system to recover the energy of one of the two
disrupted  bonds. This effect leads to an effective H-H
pairing energy , which is defined as the energy required to
unpair the two hydrogen atoms on a single dimer, that is, to
change one doubly occupied dimer and an empty dimer into
two singly occupied dimers. Direct evidence for H pairing
was found in an early study by scanning tunneling microscopy 共STM兲.10 The unusual kinetics for the recombinative
desorption of adsorbed H atoms was also taken to suggest
the importance of hydrogen pairing on dimers. Contrary to
what would normally be expected for the production of hydrogen molecules from the recombinative desorption of pairs
of adsorbed hydrogen atoms, researchers found that the desorption rate for a significant range of hydrogen coverage
followed approximately first-order kinetics.5–7 A natural explanation for this behavior was found in a ‘‘prepairing’’
mechanism.7 In this scheme, desorption occurs only from the
hydrogen atoms of doubly occupied dimers. Thus if the adsorbed hydrogen atoms are strongly paired on the surface
under equilibrium conditions, first-order kinetics may be expected for the desorption process. From analysis of
temperature-programmed desorption measurements within
this picture, a pairing energy of about 0.3 eV was obtained
by D’Evelyn and co-workers.11 In first principle calculations,
results of comparable magnitude of 0.08,12 0.22,13 and 0.25
eV 共Ref. 14兲 were obtained. Isothermal desorption measurements by Höfer et al.6 revealed a departure from first-order
desorption kinetics at hydrogen coverages below 0.1 monolayer. These results were interpreted in terms of the entropydriven unpairing of doubly occupied dimers. The kinetics at
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high and low coverages could then be fit using a lattice-gas
model with a pairing energy of 0.25 eV.
An effective attractive interaction between adjacent doubly occupied dimers has also been considered. Such an interaction would arise from an interdimer  bond, the existence
of which was suggested by early experimental15–17 and
theoretical18 –20 investigations showing dispersion of the surface valence band along the direction of the dimer rows. In
analogy to the intradimer  bond discussed above, we would
then expect that adjacent doubly occupied dimers would be
more energetically favorable than two separated doubly occupied dimers, since in the former case, the number of disrupted interdimer bonds would be 3, while in the latter case
it would be 4. The effective clustering energy, denoted by  ,
is defined as the energy required to separate two adjacent
doubly occupied dimers, that is, to transform two adjacent
doubly occupied dimers into separated doubly occupied
dimers. The early STM investigations of Boland10 exhibited
evidence for such an interaction between doubly occupied
dimers: A clustering phenomenon was observed in which
there was a propensity for doubly occupied dimers to group
together in one-dimensional chains along the dimer row direction.
This clustering interaction was integrated into more refined intradimer desorption models.21,22 Yang and D’Evelyn
performed Monte Carlo simulations21 that included both
pairing and clustering interactions. By comparing the clustersize distribution from simulations with the distribution extracted from an STM image obtained by Boland,10 they obtained an estimate of the pairing energy  of ⬃0.2 eV and of
the clustering energy  of ⬃0.15 eV. Flowers et al.22 performed thermal desorption spectroscopy experiments and
similar Monte Carlo simulations. They inferred pairing and
clustering energies both of ⬃0.14 eV. But the discussion
about these quantities remains open since the abovementioned Monte Carlo simulations failed quantitatively to reproduce the cluster-size distribution in the STM image obtained by Boland.10 The values obtained in first-principle
calculations for the clustering energy span a large range from
0.06,23 0.08,24 to 0.3 eV.25 More importantly, recent evidence
of the interdimer pathway26 –29 brought clustering into the
focus of the discussion of the desorption kinetics. A recent
model explains the near-first-order kinetics on the basis of
two interdimer desorption/adsorption pathways.23,29 The
clustering effect is relevant if these interdimer pathways are
important.
The interaction energies for pairing and clustering are
clearly important for the understanding of the surface electronic structure and the hydrogen desorption/adsorption processes. Hence there is a need for accurate information on
these interactions, data that are obtained by experimental
methods that make no assumption on the pathways for hydrogen desorption/adsorption processes. It is the task of the
present work to apply STM to provide direct and detailed
information on the equilibrium configurations of hydrogen
adatoms on the Si(100)-2⫻1 over a wide range of adatom
coverages. These results permit us to examine the degree of
pairing and clustering. The clustering phenomenon is characterized by measuring the fraction of doubly occupied

dimers that are adjacent to another doubly occupied dimer. In
addition, a more detailed description of the clustering effect
is obtained from the experimental data by a determination of
the cluster-size distribution and the experimental correlation
function. The measurements, which reveal a strong propensity for hydrogen pairing and a weak, but observable, clustering effect, are compared with the prediction of a nearestneighbor interaction model. We find that this simple model
can reproduce all of the experimental observations. While
information on the average number of pairing and clustering
interactions can be obtained from an analytic solution of the
statistical mechanics problem, information about the clustersize distribution must be extracted from the model by means
of a Monte Carlo simulation. We further present a discussion
of the spatial correlation function for doubly occupied
dimers, an analytic solution of which is possible in the limit
of strong pairing interactions 共no singly occupied dimers兲.
Good agreement between experiment and theory is also obtained for the spatial correlation function. From these analyses, we infer a value for the effective pairing energy of 
⫽0.31⫾0.04 eV and an effective clustering energy of 
⫽0.04⫾0.01 eV. We compare these results with earlier
studies and discuss the expected consequences on the hydrogen desorption kinetics.
II. EXPERIMENTAL PROCEDURE

The experiments were carried out in an ultrahigh vacuum
共UHV兲 chamber at a base pressure below 1.0⫻10⫺10 Torr.
Since the principal species in the residual gas was molecular
hydrogen, sample purity could be maintained at a very high
level for several hours. The chamber was equipped with capabilities for Auger electron spectroscopy 共AES兲, quadrupole
mass spectrometry 共QMS兲, and temperature programmed desorption 共TPD兲. A commercial UHV STM was used to take
the images. The silicon samples (12⫻2⫻0.25 mm3 ) were
cut to the desired 共100兲 orientation with an accuracy of
⫾0.25°. To check for the possible influence of doping, we
performed measurements on both n- and p-type samples using a phosphorous-doped sample with a resistivity of
3 ⍀ cm and a boron-doped sample with a resistivity of
10 ⍀ cm. We found out that these two types of samples led
to indistinguishable experimental results in the studies reported below. Sample heating was provided by directly passing a current through the sample. The relation between the
sample temperature and the heating current was established
in advance by using a thermocouple attached to the back of
the sample. The estimated error in our temperature calibration for annealing was ⫾20 K.
Careful preparation of the silicon samples was critical for
this study since some of the possible defects are very difficult to distinguish from certain configuration of adsorbed
hydrogen atoms. We found that the following procedure produced the highest quality Si共100兲 surfaces. After initial
cleaning by washing with methanol 共99.9% purity兲, the
sample was introduced into the UHV chamber. The sample
was then heated to a temperature of 1350 K. This heating
cycle not only led to the sublimation of the oxide layer, but
also caused desorption of surface carbon atoms, an otherwise
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problematic contaminant. To obtain highly ordered surfaces,
we found that it was crucial to cool the sample slowly. Typically, the sample was brought back to room temperature at a
rate of 0.8 K/s. From direct STM analysis, we determined
that this procedure for sample preparation produced surfaces
with a total density of impurities and structural defects 共such
as missing dimers, Si islands, and steps兲 below 0.5%.
Hydrogen was adsorbed on the surfaces by dosing with
atomic hydrogen formed from dissociation of H2 by a hot
tungsten filament. We prepared surfaces with a range of different hydrogen coverages from 0.03 monolayers 共ML兲 to
0.59 ML, where 1 ML corresponds to the surface density of
Si atoms. After hydrogen adsorption, the surface was carefully annealed to allow the hydrogen-covered surface to
reach its equilibrium state. STM images were then obtained
after the sample had been brought back to room temperature.
Tunneling currents of roughly 0.5 nA and sample bias voltages around ⫺2 V were chosen to record the STM images.
Under these scanning conditions, no STM-induced changes
of the adsorbate configuration were observed.
An important question for our sample preparation technique is whether surfaces were truly in their equilibrium
state, with the different hydrogen configurations corresponding to their fully equilibrated thermal distribution. To address
this issue, we prepared samples following different annealing
protocols and compared the resulting surface configurations
of the adsorbed hydrogen atoms. In these studies, we varied
the annealing temperature between 400 and 700 K, with a
range of annealing times of 10– 6000 s. By comparing the
STM images, we concluded that annealing at 570 K was
sufficient for the hydrogen ‘‘pair’’ configuration to reach
equilibrium, but not for full equilibration of ‘‘cluster’’ configurations. At increased annealing temperatures in the range
of 650 K 共just below the onset of hydrogen desorption兲, we
found that evidence for full equilibration: Clustering of hydrogen dimers was clearly present, but its prevalence did not
grow with increased annealing times as high as 5000 s. This
result is compatible with previous experimental data on hydrogen diffusion on the Si共100兲 surface.30,31 According to
these investigations, at reasonable surface coverages of hydrogen, pairs of hydrogen atoms will meet other pairs and
form clusters at a temperature of 650 K for annealing times
of 2000 s. To ensure that full equilibration was achieved, we
employed annealing times of roughly 1 h.
A further issue relating to the annealing process concerns
the effective surface temperature of the adsorbate configuration observed in the STM measurements. Let us assume, as
argued above, that a surface temperature of 650 K permits us
to obtain full equilibrium. We would then observe the
adsorbate-site distribution corresponding to this temperature
in our room-temperature STM measurements only for rapid
quenching of the surface. In fact, our cooling rate for the
sample was approximately 2 K/s. Thus, some reequilibration
at a lower surface temperature may be expected. Given the
diffusion rate relevant for cluster formation, we expect this
effect to be very slight for the concentration of this species.
Indeed, the average hopping times of paired hydrogen atoms
is estimated to be less than one hop before the temperature
cools to the point where the surface hydrogen is clearly

FIG. 1. A representative filled-state STM image of the annealed
Si共100兲 surface with hydrogen adsorbed at a coverage of 
⫽0.13 ML. This 20 nm⫻20 nm image was taken at a sample bias
of ⫺2.0 V and a tunneling current of 0.5 nA. The circled regions
indicate different configurations of the adsorbed hydrogen sites. A
corresponds to an unoccupied dimer, B contains a singly occupied
dimer, C a doubly occupied dimer, and D a 共size-2兲 cluster of two
adjacent doubly occupied dimers.

frozen.30,31 For the more facile motion of hydrogen atoms to
form and break doubly occupied dimers, changes in the surface configuration during cooling are of greater relevance.
The lowest estimate of the effective surface temperature for
this degree of freedom would be 570 K, corresponding to
freezing temperature for all adsorbate motion.30,31 Using the
measured hopping rates,30,31 we estimate an effective surface
temperature for hydrogen atom pairing of 600 K, approximately 10% below our surface annealing temperature.
III. EXPERIMENTAL RESULTS
A. STM images

Figure 1 shows a filled-state STM image of a Si共100兲
surface with adsorbed hydrogen atoms at a coverage of 0.13
ML. The brighter features correspond to dangling bonds of
unoccupied silicon atoms. Sites with adsorbed hydrogen atoms appear as dark features because of the reduced tunneling
current from the Si-H bond state compared to that from the
dangling-bond state. Unoccupied dimers, singly occupied
dimers, doubly occupied dimers, and clusters of doubly occupied dimers are all clearly resolved in this image. In our
experiments, we prepared Si共100兲 surfaces at a variety of
hydrogen coverages  . At each chosen coverage many largescale images similar to Fig. 1 were obtained.
As mentioned above, the propensity of adsorbed hydrogen
atoms to form doubly occupied dimers and for these doubly
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n 22⫽

FIG. 2. A schematic diagram illustrating different hydrogen configurations in two representative dimer rows of a Si共100兲 surface.
There are in total n⫽28 dimers, n 1 ⫽6 singly occupied dimers, and
n 2 ⫽10 doubly occupied dimers. Among doubly occupied dimers,
there are n 2 (1) ⫽3 of ‘‘size 1,’’ n 2 (2) ⫽2 of ‘‘size 2,’’ and n 2 (3) ⫽1 of
‘‘size 3.’’

occupied dimers to cluster along the direction of the dimer
rows has been previously reported. The quantification and
analysis of this effect is the subject of the present paper. We
did, however, also search for correlations between the positions of adsorbed hydrogen atoms in neighboring dimer rows
of the Si共100兲surface. We did not find any indication of significant interactions across dimer rows. Consequently, our
analysis and discussion concerns only behavior observed
along a single row of Si dimers.
B. Nomenclature for image analysis

In order to characterize the adsorbate/adsorbate interactions quantitatively, we introduce some appropriate variables
to summarize the configuration of adatoms along a row of Si
dimers. Let us consider a region of the Si共100兲 surface consisting of a total of n Si dimer sites 共or 2n surface Si atoms兲.
We then denote by n 1 the number of dimers occupied by a
single H adatom and by n 2 the number of doubly occupied
dimers. Among the doubly occupied dimers, we describe
those that are not adjacent to another doubly occupied dimer
as being a cluster of size 1. If exactly two doubly occupied
dimers are adjacent to one another, this configuration comprises a cluster of size 2, and so on. Correspondingly, we
denote the number of clusters of size i within the designated
area of the surface as n 2 (i) , where i⫽1,2,3 . . . . Some of the
possible adsorbate configurations within a dimer row are indicated schematically in Fig. 2. The total number of doubly
occupied dimers is given simply as a sum over clusters of
each size i:
n 2⫽

兺i i⫻n 2 (i) .

共1兲

Another useful quantity is the number, which we denote as
n 22 , of clustering ‘‘bonds’’ present between adjacent doubly
occupied dimer sites. In terms of the number n 2 (i) of clusters
of each size i, it can be expressed as

兺i 共 i⫺1 兲 ⫻n 2 (i) ,

共2兲

From these numbers observed for different surface configurations, we then express the prevalence of the various
H-atom configurations in normalized units of coverage. The
coverage of hydrogen atoms corresponding to singly occupied and doubly occupied dimers can be described as  1
⫽n 1 /(2⫻n) and  2 ⫽n 2 /n, respectively, with a total hydrogen adatom coverage of  ⫽  1 ⫹  2 . The partial coverage of
doubly occupied dimers in clusters of size i is then  2 (i) ⫽i
⫻n 2 (i) /n. We also define the fraction of doubly occupied
dimers residing in clusters of size i as f 2 (i) ⫽  2 (i) /  2 . For
our later analysis, we introduce the coverage of clustering
‘‘bonds’’ as  22⫽n 22 /n.
C. Counting results for size distributions

Experimental values for the prevalence of the different
configurations of the adsorbed hydrogen described above
were determined by direct analysis of the STM images. We
recorded, for each hydrogen coverage  , a sufficient data set
to permit analysis of n⬃3⫻104 sites. This procedure ensured good statistical accuracy for the quantities of interest
by direct counting. The principal source of uncertainty in the
experiment actually arose from the presence of surface defects and impurities. Despite considerable effort to obtain
very high quality surfaces, defects need to be considered,
particularly in the regime of low adsorbate coverage. Defects
that could be differentiated from possible configurations of
adsorbed H could be neglected. Some of the defects and
impurities, however, could not be distinguished from singly
or doubly occupied dimers. The corresponding coverages,
which could be determined by examining the surface prior to
hydrogen dosing, were found to be less than 0.2 and 0.3 %,
respectively. The resulting error in our counting of the
cluster-size distribution n 2 (i) was found small compared statistical uncertainties and was neglected. With respect to the
number of singly occupied dimers n 1 however, the experimental data were corrected by subtraction of the estimated
0.2% contribution from the presence of defects and impurities.
The results from analysis of the STM images are shown in
Fig. 3 for a range of hydrogen coverage  from 0.03 to 0.59
ML. In this figure, we indicate for each total hydrogen coverage  , the coverage  1 of hydrogen in singly occupied
dimers. The corresponding coverage of doubly occupied
dimers is  2 ⫽  ⫺  1 . The partial coverages of H in clusters
of different sizes  2 (i) is plotted as the fraction f 2 (i)
⫽  2 (i) /  2 of hydrogen in cluster size i⫽1,2,3,4,5,6⫹. The
data for clusters of length 6 and greater have been grouped
together (i⫽6⫹), since adequate statistical accuracy could
not generally be obtained for clusters of size i⬎6. The solid
lines in Fig. 3 are the results of the Monte Carlo simulation
described in Sec. IV D below.
An alternative presentation of some of the data in Fig. 3 is
given in Fig. 4. Figure 4共a兲 plots the coverage  2 of doubly
occupied dimers as a function of the total hydrogen coverage
 . Figure. 4共c兲 plots the corresponding result for the coverage  1 of hydrogen atoms in singly occupied dimers. Figure
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FIG. 3. Summary of data for the cluster-size distribution for a
range of different coverages  共in ML兲 of adsorbed hydrogen. For
each value of  , the dots represent the experimental value for the
fraction f 2 (i) of paired hydrogen atoms in clusters of size i
⫽1,2,3,4,5,6⫹, where 6⫹ includes all clusters of size 6 or greater.
The statistical errors 共not shown兲 are smaller than the size of the
data points. The corresponding values for the coverage of hydrogen
in singly occupied dimers is  1 ⫽0.005 ML for  ⫽0.03 ML,  1
⫽0.011 ML for  ⫽0.10 ML,  1 ⫽0.014⫺0.016 ML for higher
values of  关see Fig. 4共c兲兴. The solid lines are predictions of the
quasi-one-dimensional nearest-neighbor interaction model discussed in the text. The model is evaluated by a Monte Carlo simulation 共Sec. IV D兲 with a fixed choice of /kT⫽6.1 and  /kT
⫽0.8 for all coverage  .

4共b兲 shows the experimentally determined coverage of cluster ‘‘bonds’’  22⫽n 22 /n. This quantity provides, as discussed
below, a convenient measure of the effective interaction between adjacent doubly occupied dimers.
D. Correlation function for doubly-occupied dimers

One approach to investigate the interaction between doubly occupied dimers is the characterization of the distribution
of cluster sizes, as just presented. An alternative scheme of
data analysis involves the determination of the spatial correlation function. As discussed below in Sec. IV C 2, this approach permits comparison with an analytic solution of a
statistical mechanical treatment of nearest-neighbor
adsorbate-adsorbate interactions for the doubly occupied
dimers. The spatial correlation function for the doubly occupied dimers along a dimer row is found from the experimen-

FIG. 4. Comparison of experimental data for the coverage of
hydrogen pairing and clustering ‘‘bonds’’ 共points with error bars
from counting statistics兲 with calculated results 共lines兲. 共a兲 The coverage of doubly occupied dimers  2 vs the total hydrogen coverage
 . The upper and lower dotted curves correspond, respectively, to
complete pairing and no pairing interaction. The solid curve gives
the predictions of the statistical model with parameters /kT⫽6.1
and  /kT⫽0.8. 共b兲 The coverage of clustering ‘‘bonds’’ between
adjacent doubly occupied dimers  22 vs the coverage of doubly
occupied dimers  2 . The upper and lower dotted curves correspond,
respectively, to complete clustering and no clustering interaction.
The solid curve gives the predictions of the statistical model with
/kT⫽6.1 and  /kT⫽0.8. 共c兲 Coverage of singly occupied dimers
 1 ⫽  ⫺  2 vs total H coverage  . The dashed lines correspond to
infinite interaction 共horizontal line兲 and no interaction 共nearly vertical lines兲. The thick solid curve displays the predictions of the
statistical model with /kT⫽6.1 and  /kT⫽0.8. The other two
curves correspond to /kT varied by ⫾0.6.

tal data in the following fashion. For each doubly occupied
dimer, we write down the site occupancy P( j) of dimers
removed by a displacement of j dimer units along the dimer
row, where P( j)⫽1 for a doubly occupied dimer at displacement j and P( j)⫽0 otherwise. The spatial correlation function p( j) is then given as p( j)⫽ 具 P( j) 典 , where the ensemble
average is computed using all available doubly occupied
dimers in the experimental STM images. We neglected sites
located near the edge of the recorded STM image, as well as
those near steps and other identifiable defects. Since the behavior is symmetric for displacements in either direction
along a dimer row, we folded together displacements j of
negative and positive sign. Figure 5 shows experimental results for the spatial correlation function measured at two different adsorbed H coverages of  ⫽0.13 and 0.26 ML. Note
that for the purpose of this analysis, we have treated sites that
contain a singly occupied dimer as being unoccupied. In fact,
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FIG. 5. Experimental data of correlation function of doubly occupied dimers. The horizontal is distance in units of the lattice
constant along the dimer row. The solid curves are the best fits to
the one-dimensional Ising model 共described in Sec. IV C 2兲 with the
value of  /kT⫽1.0 for the clustering energy at coverage of 
⫽0.13 ML and  /kT⫽0.9 at coverage of  ⫽0.26 ML. The error
bars are based on counting statistics.

there is a small fraction of unpaired H adatoms. The corresponding values for  2 ⫽  ⫺  1 are 0.12 and 0.25 ML for the
conditions of the two measurements.
IV. ANALYSIS

In this section, we first present, in part A, a qualitative
discussion of the experimental data and a comparison with
simple limiting behavior for weak and strong adsorbateadsorbate interactions. We then discuss, in part B, a simple
quasi-one-dimensional model for the interaction of adsorbed
hydrogen atoms that has been previously introduced in the
literature. Within this model, we can compare with experiment the predictions for hydrogen coverages  1 and  2 in
singly and doubly occupied dimers and for the coverage  22
of the clustering bonds between doubly occupied dimers.
Good agreement for these data with fixed values for the pairing and clustering energies is found over the observed range
of total hydrogen coverage  . A further comparison with an
analytic result is possible if we consider only the nearestneighbor interaction of the doubly occupied dimers. As we
also discuss in part C, an expression for the spatial correlation function of the doubly occupied dimers is available and
is found to provide quite satisfactory agreement with the
correlation functions determined experimentally. The most
complete set of experimental data is that of the cluster-size
distribution measured for various values of the hydrogen
coverage  . To reproduce these results, we present in part D
a full Monte Carlo simulation of the quasi-one-dimensional
model and extract thereby values for the two relevant interaction energies.
A. Qualitative observations

The general character of the effective H adsorbateadsorbate interactions on the Si共100兲 surface can be understood by reference to the results shown in Fig. 4. With respect to the effective pairing interaction between two
hydrogen atoms on a single dimer, it is instructive to examine Fig. 4共a兲. For complete pairing, we would obtain  2

⫽, all hydrogen being found in doubly occupied dimers. On
the other hand, with no adsorbate-adsorbate interaction whatsoever, there will only be a statistical chance of finding two
hydrogen atoms on the same dimer, i.e.,  2 ⫽  2 . Inspection
of Fig. 4共a兲 reveals that the data lie relatively close to the
complete pairing limit of  2 ⫽  . There is, however, a clear
departure from this extreme limit for which the coverage of
singly occupied dimers  1 approaches zero. The existence of
incomplete pairing is highlighted in Fig. 4共c兲, which displays
 1 , or the coverage of unpaired hydrogen, as a function of  .
From these consideration one may immediately conclude
that the effective pairing interaction is significant compared
to the thermal energy scale 共at the annealing temperature兲,
but is not overwhelmingly larger.
The situation for the effective interaction between doubly
occupied dimers is reflected in Fig. 4共b兲. If we assume for
simplicity that essentially all of the hydrogen is found in
doubly occupied dimers, then the coverage of dimer bonds,
 22 , would scale as  22⫽  2 for complete clustering and as
 22⫽  22 for a negligible interaction between the doubly occupied dimers. In this case, the data actually lie quite close to
the non-interacting limit of  22⫽  22 . This suggests that the
interaction energy is not large compared to the thermal energy. That there is a finite 共attractive兲 interaction, however, is
apparent from the fact that the experimental values for  22
fall consistently above the noninteracting limit of  22⫽  22 .
B. A quasi-one-dimensional model of adsorbate-adsorbate
interactions

In order to analyze the data in a more quantitative fashion,
we clearly need to introduce a definite model of the effective
interactions between the adsorbed hydrogen atoms. We make
use of the simplest model that is capable of explaining the
observed pairing of hydrogen atoms on a single dimer and
the 共modest兲 propensity of doubly occupied dimers to form
clusters along a dimer row. This model, previously presented
in this context by D’Evelyn et al.21 and Flowers et al.,22 is
quasi-one-dimensional in character and describes the behavior along one row of Si dimers. As mentioned above, no
experimental evidence of significant interactions between the
dimer rows was found.
In the model we include an effective pairing energy  and
an effective clustering energy  . These quantities are defined
in the following fashion. As mentioned in the Introduction,
the pairing energy  is the energy required to transform two
hydrogen atoms on an isolated doubly occupied dimer into
two separated hydrogen atoms on different dimers. We further assume that this energy is identical for separating the
hydrogen atoms by one dimer or more, i.e., that it is a
nearest-neighbor interaction. The clustering energy  is the
analogous quantity for transforming an isolated pair of adjacent doubly occupied dimers into separated doubly occupied
dimers. This interaction is also assumed to be significant
only for nearest neighbors and is treated as strictly additive.
Thus, a cluster of size 3 will have an interaction energy of
⫺2  relative to hydrogen atoms on separated doubly occu-
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pied dimers. Within this model, we see that the overall interaction energy of a given adsorbate configuration per surface
atom can then be given by
E⫽  1 /2⫹ 共  ⫺  22兲  /2.

共3兲

Here the zero of energy corresponds to a configuration where
all of the hydrogen atoms are in adjacent doubly occupied
dimers, the lowest available energy configuration.
For simplicity, the interaction between a doubly occupied
dimmer and an adjacent singly occupied dimer is neglected
within the model, as is the interaction between adjacent singly occupied dimers. The validity of this assumption is hard
to gauge and, in the simplest analysis, depends on what factors dominate the interaction between adjacent dimers. In
one picture, the interaction might be interpreted as related to
the electronic interaction between possible  -bonded dimers,
as discussed above. In this case, one would actually lose
most of the favorable interaction whenever either dimer is at
least partially occupied by hydrogen. Within the model, this
would correspond to treating the interaction between any
pair of partially or fully occupied dimers as equivalently attractive. On the other hand, one might attribute the effective
interaction to strain effects associated with modification of
the dimer width by hydrogen adsorption. Depending on the
assumptions, this would lead to differing conclusions about
effective interactions between fully and partially occupied
dimers. In the work of Zimmermann and Pan,23 different
effective interaction strengths are estimated from ab initio
calculations for all possible configurations of adjacent
dimers. The effective interaction energy between two singly
occupied dimers is found to be small, while the effective
interaction energy between singly and doubly occupied
dimers is found to be half of that of a pair of doubly occupied dimers. For the purposes of our current study, there
would appear to be relatively little difference between the
consequences of such possible variants of the model, since
typically relatively few of the adsorbate-adsorbate interactions involve singly occupied dimers. Possible corrections
would be expected to be most pronounced in examining clustering effects in the low-coverage regime, which is quite
challenging experimentally. Further investigation of these
points from the perspective of modeling would, however, be
very valuable and a useful subject for future study.
In the following, we apply the nearest-neighbor interaction model to analyze the site occupancy of the H/Si共100兲
surface. In doing so, we treat the problem as a quasi-onedimensional lattice gas and neglect any internal degrees of
freedom of the system. As indicated in the analysis of Flowers et al.,22 the statistical mechanical analysis would then
include additional terms related to the full partition function
of the system. The most apparent omission concerns the vibrational degrees of freedom of the adsorbed hydrogen atoms in the different configurations. This factor could, to an
extent, be addressed through the use of the known frequencies of the different vibrational modes of the adsorbed hydrogen atoms.32,33 While distinct frequencies are expected
for distinct adsorbate configurations, the differences are not
expected to be overwhelmingly large, as indicated, for example, by the influence of adsorbed oxygen on hydrogen

vibrational frequencies.33–35 Further, for the relevant range of
temperatures 共up to the annealing temperature兲, relatively
weak excitation of hydrogen vibrational modes is expected.
What is less easy to quantify would be the influence of the
configuration of adsorbed hydrogen on the vibrational modes
of the Si atoms in the dimer. In this case, the vibrational
modes would be thermally excited and some shift in frequency would be anticipated in view of the changes in the
structure of the dimers induced by H adatom adsorption. This
effect is neglected in our analysis.
C. Quantitative treatment with analytical methods
1. Coverage of pairing and clustering ‘‘bonds’’

Within the model introduced above, the surface properties
are determined by the two effective interactions energies, 
for pairing and  for clustering, for any specified total hydrogen coverage  and surface temperature T. As discussed
in Ref. 21,22, one may obtain from statistical mechanics analytic expressions defining the coverage of pairing bonds  2
and of cluster bonds  22 . These coverages are defined implicitly by the following two relations:
e ⫺(⫹  )/kT ⫽

共  ⫺  1 兲  21 共 1⫺2  ⫹2  1 ⫹  22兲

 22共 1⫺  ⫹  1 兲 2 共 1⫺  ⫺  1 兲

e ⫺  /kT ⫽

共  ⫺  1 ⫺  22兲 2
,
 22共 1⫺2  ⫹2  1 ⫹  22兲

,

共4兲

共5兲

where all quantities are as defined in Sec. III and the coverage of hydrogen in singly occupied dimers is given by  1
⫽  ⫺  2.
We have numerically inverted Eqs. 共4兲 and 共5兲 to compare
with the experimental data for  2 and  22 as a function of the
total coverage  shown in Figs. 4共a兲 and 4共b兲, as well as for
the more sensitive data for the unpaired hydrogen coverage
 1 that is displayed in Fig. 4共c兲. Good agreement is found for
all of these quantities using appropriate values for  and  .
The best fits are obtained for /kT⫽6.1 and  /kT⫽0.8. As
expected from our qualitative discussion, the pairing energy
is found to be significantly greater than the thermal energy,
while the clustering energy is close to the thermal energy.
The two dotted curves in Fig. 4共c兲 are calculated results
changing the value of /kT by ⫾0.6. They clearly provide a
poorer fit to our experimental data. Varying the value of
 /kT also results in poorer fit, especially at low hydrogen
coverages, since it strongly affects the value of  22 .
2. Analysis of spatial correlation function

Except for the domain of very low H coverage, essentially
all of the adsorbed hydrogen atoms are located on doubly
occupied dimers. Thus, to examine the clustering interaction
separately, we can consider a model in which all of the hydrogen adatoms are assumed to be paired on dimer units.
Then the nearest-neighbor interaction model presented above
for the dimer row reduces to a single-site lattice gas in one
dimension with a nearest-neighbor interaction. This corresponds to the one-dimensional Ising model, for which a full
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analytic solution is available.36 The solution of this problem
is expressed most conveniently in terms of a correlation
function, rather than in terms of the equivalent cluster-size
distribution. For our case the relevant correlation function is
that for the hydrogen-site occupancy, i.e., the probability
p( j) of two dimers in one dimer row separated by j sites
both being 共doubly兲 occupied. After some adaptation, the
result of the one-dimensional Ising model yields for the correlation function

冉

冑 f 共  2 兲 ⫹1
冑 f 共  2 兲 ⫺1

p 共 j 兲 ⫽  22 ⫹  2 共 1⫺  2 兲 exp ⫺ j ln

冊

共6兲

with
f 共  2 兲 ⬅1⫹4  2 共 1⫺  2 兲共 e  /kT ⫺1 兲 .

共7兲

This relation is simply that of an exponentially decaying
correlation as a function of the displacement. The initial correlation for j⫽0 corresponds to  2 and the asymptotic value
for large displacements is  22 . For any given coverage, the
correlation length
l c ⬅1/ln

冑 f 共  2 兲 ⫹1
冑 f 共  2 兲 ⫺1

共8兲

increases monotonically from a value of zero to infinity as
the interaction energy  increases. For a given interaction
energy, the predicted correlation length within this model
approaches zero in the limit of negligible (  2 →0) or full
(  2 →1) coverage. The longest correlation length will be obtained for  2 ⫽0.5.
Figure 5 provides a comparison of this analysis with the
experimentally calculated spatial correlation function p( j)
for the occupancy of doubly occupied dimers. The predicted
exponential form for the correlation function is found to
agree well with the experimental data at the two hydrogen
adsorbate coverages that were examined. A relatively weak
spatial correlation is observed experimentally, with appreciable correlation existing only for nearest neighbors. This
behavior is reproduced for a low value of the normalized
interaction energy  /kT. The inferred clustering interaction
energies from fitting the experimental data are  /kT⫽1.0 for
an hydrogen coverage of  ⫽0.13 ML (  2 ⫽0.12 ML) and
 /kT⫽0.9 for  ⫽0.26 ML (  2 ⫽0.25 ML).
D. Monte Carlo simulations

To provide the most stringent test of the capabilities of the
nearest-neighbor interaction model to predict the experimental results, we would like to obtain information on the expected distribution not only of singly and doubly occupied
dimers, but also of sizes of clusters of doubly occupied
dimers. While the spatial correlation data is a complementary
form of analysis that is obviously closely related to the
cluster-size distribution, we were only able to analyze the
correlation function analytically in the limit of infinite pairing energy 共Sec. IV C 2兲. On the other hand, we could treat
the case of both a finite pairing and clustering energy analytically 共Sec. IV C 1兲, but only under the restriction of mak-

ing a comparison with experiment at the level of the number
of pairing and clustering bonds, rather than the more detailed
examination of the distribution of cluster sizes. With these
factors in mind, we felt it worthwhile to perform direct
Monte Carlo simulations of the adsorbate configurations for
the full quasi-one-dimensional model with both interactions
included.
The Monte Carlo method was applied in the following
manner. We first generated a random initial distribution of H
adatoms at the desired coverage along a dimer row of length
1000. We then introduced hopping attempts using a random
sequence generator. The elementary hopping steps are single
adatom hopping events that move to an adjacent unoccupied
site along the dimer row. For each tentative hopping event,
the hopping probability  is decided according to a standard
criterion37 in which

⫽

再

␦ E⭐0,

1,
e

⫺ ␦ E/kT

,

␦ E⬎0,

共9兲

where ␦ E is the change in energy associated with the hop.
In the simulations we typically allowed for a total of
⬃2⫻109 tentative adatom hops. While this number of hops
was clearly sufficient to reach complete pairing, the clustering process might develop significantly more slowly. To ensure that we had indeed reached the equilibrium hydrogen
configuration in our simulations, we carried them out under
two very different assumptions for the initial-site distribution
of the hydrogen adatoms. One was random; the other was a
distribution resulting from a simulation using very high clustering energy  ⫽0.3 eV, i.e., a distribution already showing
strong clustering. For both initial conditions 共one with too
little clustering and one with too much clustering compared
to the equilibrium result兲, we obtained equivalent results.
This constitutes strong evidence that equilibrium condition
was satisfied. The average number of moves to achieve equilibrium was also, we note, consistent with our experimental
procedures for annealing the H-covered Si共100兲 sample.
A comparison of the results of the Monte Carlo simulation
with the experimental data for the cluster-size distribution for
a range of different total hydrogen coverages  is shown in
Fig. 3. Remarkably good agreement is obtained for all of the
data for an appropriate 共fixed兲 set of values of the interaction
energies of /kT⫽6.1 and  /kT⫽0.8. Although not shown
in Fig. 3, these values also allow us to reproduce the experimental results for the coverage of singly occupied dimers  1
that are quoted in the caption of Fig. 3. Fitting to the coverage of singly occupied dimers was very sensitive to the
choice of the value of /kT. We infer an uncertainly in the
value of /kT induced by statistical errors in the data of
⫾0.6, as in the analytic treatment in Sec. IV C 1. If we keep
/kT fixed at a value of 6.1, we may examine the effect of
varying the clustering energy on the cluster-size distribution.
A detailed comparison of this behavior for an overall hydrogen coverage of  ⫽0.49 ML is shown in Fig. 6. As we can
see, the best fit to the experimental data is obtained for
 /kT⫽0.8. Adequate agreement is found for  /kT as small
as 0.6 or as large as 1.0. The results shown for this particular
coverage are representative of the quality and sensitivity of
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We then obtain ⫽0.31⫾0.04 eV, where an additional uncertainty of 5% has been included in the estimate from possible error in the determination of the effective surface temperature.
V. DISCUSSION AND CONCLUSIONS

FIG. 6. Comparison of Monte Carlo simulation results for the
cluster-size distribution with experimental data 共points兲 at a hydrogen coverage of  ⫽0.49 ML. Calculated results are shown for
/kT⫽6.1 and  /kT⫽0.0,0.6,0.8,1.0,1.5. The best fit is obtained
for  /kT⫽0.8, but reasonable agreement with the experimental
data is also seen for  /kT⫽0.6 and  /kT⫽1.0.

the fit of the cluster-size distribution for other values of the
hydrogen coverage  . We deduce that the model adequately
reproduces the experimental data for  /kT⫽0.8⫾0.2.
E. Synopsis and preferred values
of effective pairing and clustering energies

We have analyzed our experimental data within the
framework of the quasi-one-dimensional nearest-neighbor
model. Two analytic treatments were considered. The first
allowed for finite values for both of the pairing and clustering energies, but could not predict the details of the clustersize distribution. The second permitted analysis of the clustering effect 共through calculation of the spatial correlation
function兲, but required the approximation that full pairing
was achieved. In addition, we made a direct comparison of
the full model with experimental data using Monte Carlo
simulations. Good agreement was obtained with the relevant
experimental data for all three modes of analysis. Particularly noteworthy was the possibility, through the Monte
Carlo treatment, of accurately reproducing the distribution of
cluster sizes and coverage of singly occupied dimers that
were obtained experimentally over a wide range of total hydrogen coverages. This could be accomplished using a single
set of values for the normalized interaction energies of
/kT⫽6.1⫾0.6 and  /kT⫽0.8⫾0.2, where the error bars
follow from the quality of the fits and the uncertainty of the
underlying STM counting data.
In order to relate the normalized interaction energies to
the physical quantities, we must introduce the effective surface temperature for the measurement. As argued above in
Sec. II, the finite quenching rate from the annealing temperature introduces some uncertainty into this quantity. The correction from the annealing temperature is expected to be
modest with respect to the clustering interaction, and we
simply use the annealing temperature of T⫽650 K. It follows that  ⫽0.04⫾0.01 eV. For the pairing interaction, a
reduction in the effective surface temperature to T⫽600 K is
estimated from the diffusion of unpaired hydrogen atoms.

At the qualitative level, our study of the equilibrium configuration of hydrogen atoms adsorbed on the Si共100兲 surface confirmed the presence of a strong effective interaction
leading to pairing of the adatoms on Si dimers. Except at
very low adsorbate coverages, most of the adsorbed H atoms
were in the paired state. An attractive effective interaction
between adjacent doubly occupied dimers, the so-called clustering interaction, was also discerned. It was found to be
relatively weak and to give rise only to a slight clustering
effect of the doubly occupied dimers. These results can be
readily understood at the intuitive level by considering the
separation of the two Si atoms in a single dimer of 0.23 nm
compared with the larger separation of 0.38 nm between adjacent dimers along a row. Thus, the strength of corresponding  bonds, which drive the effective attractive interactions
between the adsorbed species, is expected to be appreciably
larger for the intradimer configuration than for the interdimer
case. On a quantitative level, the effective clustering energy
found in this work is considerably lower than estimated by
Yang et al.21 and Flowers et al.22 from the previously published STM data of Boland.10 The treatment in these works is
similar to that of the present investigation; the discrepancy
arises from the higher incidence of clustering apparent in the
older STM images. The latter, however, do not provide the
large statistical sample that was employed in the present
work, nor do they readily permit assessment of—or correction for—possible effects of contamination or surface defects. In modeling of careful recent measurement of the kinetics of recombinative desorption of hydrogen,
Zimmermann and Pan23 inferred a value of  ⫽0.06 eV.
This figure differs somewhat from our preferred value of 
⫽0.04 eV. The broad conclusion that this energy is not large
compared with thermal energies is, however, also reached on
the basis of this very different type of experimental data.
One of the interesting and, arguably, surprising aspects of
the present investigation was the degree to which the nearestneighbor interaction model was capable of reproducing the
detailed experimental data on the cluster-size distribution, as
well as the fraction of singly occupied dimers. Clearly such a
model is highly simplified. Indeed, other kinds of interactions, such as next-nearest-neighbor interdimer interactions,
have been suggested, for example, by density functional
calculations.24 How then do we understand the good agreement that we have found with the predictions of a nearestneighbor interaction model? The answer probably lies in the
fact, that to a first approximation, the behavior of the hydrogen adatoms can be described as fully paired, but with weak
interdimer interactions. The basic characteristics of the system are captured by this description; the corrections are apparently adequately represented within a model of nearestneighbor interactions. It is likely that the experimental data
obtained in our measurements would also be reproduced by
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more complex models of the interaction, albeit with somewhat different values for the effective nearest-neighbor interactions.
It is appropriate to make some remarks concerning the
implications of our measurements on the expected kinetics
for the recombinative desorption of hydrogen from Si共100兲
surfaces. The relatively small clustering energy suggests that
a simple interdimer desorption pathway in which two hydrogen atoms from adjacent dimers react cannot explain the
near-first-order kinetics seen experimentally. Nevertheless,
this observation does not imply that ‘‘clustering’’ itself is
necessarily unimportant for the desorption process. At moderate coverages a significant fraction of the adsorbed hydrogen 关cf. Fig. 4共b兲兴 is clustered despite the relatively weak
interaction. The presence of adjacent doubly occupied dimers
can therefore still play an important role in the desorption
process, as in the recent model of 4H desorption pathway23,29
which proceeds through an interdimer process.26 –29 Since the

clustering energy, as determined in this work, is close to the
thermal energy, the 4H pathway alone will lead to a desorption kinetics close to second-order, as shown by Zimmermann and Pan.23 In the presence of a competing second reaction pathway, however, near-first-order behavior can be
achieved. A complete description of the desorption process
must naturally incorporate information about the relevant
barriers, as well as information on the initial configuration of
the adsorbed hydrogen provided by this investigation.
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