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The dynamics of dangling bond (DB) diffusion was studied after deuterium desorption 
from the silicon (100)-2x1 surface. At elevated temperatures, paired DB sites produced 
after desorption unpaired as deuterium atoms hopped from adjacent dimers. Below 620 
kelvin, the unpaired configuration most commonly observed corresponded to two DBs 
on adjacent silicon dimers. At higher temperatures, unpaired DBs executed one-dimen- 
sional walks along the dimer rows, and recombination was observed with the same 
partner after walks lasting many minutes. The frequency and extent of these excursions 
increased with temperature. Above 660 kelvin, complete dissociation was observed and 
was sometimes followed by recombination by means of partner exchange. The impli- 
cations for low-temperature materials growth are discussed. 

Hydrogen desorption is an essential step in 
the growth of materials by chemical vapor 
deposition (CVD). Desorption regenerates 
surface DBs to provide reactive sites for 
further growth ( I  ). However, the presence 
of DBs is a necessary but insufficient con- 
dition for growth; dissociative chemisorp- 
tion of CVD gas-phase precursors requires 
at least two DBs at nearbv surface sites (2). . , 
Under typical growth conditions, H atoms 
present on the surface are mobile, so that 
the spatial distribution of DBs can differ 
dramatically from the paired configuration 
produced by desorption. This mobility is an 
important consideration for low-tempera- 
ture materials growth, because desorption is 
slow compared to surface diffusion. In prin- 
ciple, a small DB population may adopt a 
configuration that is not conducive to fur- 
ther growth. The probability of such con- 
figurations is not known and requires an 
understanding of the dvnamics of DBs. " 

We describe an elevated-temperature 
scanning tunneling microscopy (STM) 
study of the dissociation, diffusion, and re- 
combination of DBs produced after D2 ther- 
mal desorption from the Si(100)-2~1:D 
surface. Paired DBs unpaired by D atom 
hopping from an adjacent dimer. An un- 
paired configuration involving DBs on ad- 
jacent dimers was frequently observed, and 
the number of these sites increased steadily 
with sample temperature T,. Pairs of DBs 
also dissociated and underwent one-dimen- 
sional (ID) walks along the dimer rows of 
the Si(100) surface. Remarkably, for low 
DB populations, these sites eventually re- 
combined after walks lasting upwards of 10 
min. 

We used an Omicron VT-STM (3) to 
study a single Si(100) sample, which was 
cleaned by repeated flashing to 1400 K. 
The Si(100)-2x l:D monodeuteride sur- 
face was prepared by a 600-K saturation 
exposure of the clean Si(100)-2x 1 surface 
to atomic D (4). Direct-current heating 
was used, and T, was measured post-facto 
bv a chromel-alumel thermocou~le eD- 
oxied to the front of the sample and was 
reproducible to within 20 K. The sample 
bias was typically k1.6 V, and low tun- 
neling currents (200 pA or less) were used; 
the sample bias was calibrated by nulling 
the zero-point current crossing observed in 
STM current-voltage measurements. 

The tunneling conditions were chosen 
so as to minimize interactions between the 
surface and probe tip, and in particular to 
avoid the possibility of tip-induced D2 de- 
sorption or D-atom diffusion by means of 
either of two documented mechanisms: 
vibrational heating or electronic excita- 
tion ( 5 ) .  Electronic excitation was exclud- 
ed on the basis of our observation that the 
threshold for D2 desorption was greater 
than 5 V, even for T, > 600 K. Similarly, 
vibrational heating was not significant be- 
cause tunneling currents of 60 pA (that is, 
currents 1% of that needed to desorb D2) 

Fig. 1. A series of STM to- 
pographs of the Si(100)- 
2x 1 :D surface after 450 s of 
D, desorption at 71 0 K. (A) 
Filled-state image and (B) 
empty-state image, ac- 
quired on forward and back- 
ward scans, respectively. 
(C) Empty-state image ac- 
quired 80 s after (A) and (B). 

produced D-atom dynamics that were in- 
distinguishable from those observed under 
the optimal imaging conditions reported 
herein. Moreover, the probability for de- 
sorption by vibrational heating decreases 
nearly 300-fold as Ts is increased from 11 
to 300 K (6), so that tip-induced vibra- 
tional heating is negligible at 600 K and 
above. 

To prepare a controlled population of 
DBs, we heated the Si(100)-2xl:D sur- 
face to 710 K for several minutes. We then 
reduced Ts until DB diffusion was not 
evident on a time scale of many minutes to 
hours. By gradually increasing T,, condi- 
tions were established where at most one 
or two hopping events occurred between 
successive frames. The STM images were 
then recorded in a continuous scanning 
mode with a minimum frame time of about 
15 s for an area of 10 nm by 10 nm (about 
350 dimers). A filled-state topograph of 
the DB population recorded at 635 K (Fig. 
1A) reveals stable bright sites centered 
along the Si(100) dimer rows. These sites 
are paired DBs located on a single dimer 
and are the immediate products of D2 
desorption (7). In an empty-stare topo- 
graph (Fig. lB), these sites have a pro- 
nounced node, consistent with the weak .rr 
character of paired DBs on the Si(100)- 
2 X 1 surface (7). 

Occasionally a paired DB site trans- 
formed into a site that was fuzzy in appear- 
ance (Fig. 1, B and C). Although clearly 
fluxional, the feature shown is positioned 
on a single dimer row but shifted along the 
row compared to the location of the origi- 
nal DB site. Paired DB sites and fuzzy sites 
were both brighter than the surrounding 
D-covered surface, but fuzzy sites appeared 
brightest under low bias, indicating a larger 
density of states at the Fermi energy (7). 
Transformations of this kind were frequent- 
ly observed at elevated temperatures. How- 
ever, under conditions where surface diffu- 
sion was limited (600 to 620 K), fuzzy sites 
often remained stable for many minutes. 
The transformation in Fig. 1 shows that 
fuzzy and paired DB sites are intimately 
related: both are confined to a single dimer 

Venable and Kenan Laboratories, Department of Chem- The site on the white line 
istry, University of North Carolina, Chapel Hill, NC converts from stable to fluxional; it later converted back to a stable site (not shown). Imaging conditions: 
275994290, USA. T, = 635 K; acquisition rate, 40 s per frame; image area, 8.7 nm by 7.6 nm, tunneling current I, = 200 
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row and are comprised of two DBs, although 
the configuration is different for each. 

After we increased T, to 670 K, the 
number of paired DB sites decreased, where- 
as the number of fluxional sites increased 
(Fig. 2A). Under these conditions, fluxion- 
al sites often appeared as elongated features 
that extended over many dimer units but 
were still confined to a single dimer row. 
The distribution and spatial extent of these 
fuzzy sites constantly changed on the sur- 
face. The extended feature noted in Fig. 2A 
was significantly contracted 100 s later (Fig. 
2B), whereas others became more extended. 
Evidently, there was significant long-range 
motion on the surface at this temperature, 
the details of which will be described else- 
where (8). 

The structure of these fluxional sites can 
be probed by carefully choosing T, and the 
data acquisition conditions. We recorded a 
10-min series of STM images at 620 K (Fig. 

Fig. 2. (A) Filled-state topograph of the Si(100)- 
2 X 1 :D surface after 240 s of D, desorption at 71 0 
K. (B) Topograph acquired 100 s after (A). The 
majority of DBs have diffused a distance of several 
dimers between (A) and (B), of which two sites are 
highlighted. The two fluxional sites at the lower 
right in (A) recombine to form a paired DB site in 
(B), whereas the central small fluxional site in (A) 
becomes elongated in (B). lmaging conditions: T, 
= 670 K; acquisition rate, 100 s per frame; image 
area, 44 nm by 49 nm; It = 200 PA; V,,, 
= -1.66V. 

3). A paired DB site changes into a flux- 
ional site that is similar in appearance to 
the previously discussed feature in Fig. 1. 
The fluxional site then dissociates into two 
smaller fluxional features, which hop up 
and down along the dimer row, recombine 
to form a large fluxional site, and convert 
back to a paired DB site at a new dimer 
location. These images, together with many 
others, lead us to conclude that the small, 
mobile fluxional features are Si dimers that 
contain a single D atom and an unpaired 
DB (9) (Fig. 4). The large composite flux- 
ional sites (Fig. 1C and Fig. 3, B and E), 
then, are single D atoms on each of two 
adjacent dimers; from this point forward, we 
will refer to these sites as predissociated DB 
pairs. Two possible configurations for these 
sites are shown in Fig. 4, row B. These 
assignments are consistent with the fact 
that unpaired DBs exhibit empty and filled 
states close to the Fermi energy and explain 
why these sites are brighter than paired DB 
sites, which have a small gap at this energy 
(7). Their fluxional character results from 
D-atom hopping between sites on the same 
dimer. Under the present conditions, the 
 ti^ does not induce intradimer or inter- 

for T, < 500 K. 
These data show that even though the 

paired DB configuration has the lowest en- 
ergy, as a result of a weakly stabilizing .rr 
interaction (10, 11 ), the population of un- 
paired DBs becomes more pronounced at 
higher temperatures. The driving force be- 
hind this phenomenon is the increased con- 
figurational entropy of two unpaired DB 
sites compared with that of a single paired 
DB site. The number of accessible confirm- - 
rations increases with temperature as un- 
paired DBs execute 1D walks that sample 
additional neighboring sites. This process is 
also reversible: As the temperature is de- 
creased, the excursion length for unpaired 
DBs becomes reduced. At low temperatures, 
DB excursions are limited to nearest neigh- 
bor sites, but become more frequent and 
pronounced at higher temperatures. How- 
ever, because hopping rates also increase at 
higher temperatures, these 1D walks are 
recorded as bright, elongated fuzzy features 
that extend and contract along the Si dimer 
rows (Fig. 2). 

Analysis of these data also provide infor- 
mation on the types of events that occur on 
the surface. In contrast to ~revious results 

d k e r  hopping, as confirmed by the absence reported for C1 atoms or; Si(100) that 
of preferential motion while scanning along showed intradimer hopping at room tem- 
or perpendicular to the dimer row direction perature, all DB motion in the present study 
and by the fact that interdimer hopping was was suppressed below 500 K. Although in- 
completely suppressed for T, 5 -565 f- 20 tradimer hopping was more facile than in- 
K and intradimer hopping was suppressed terdimer hopping in both studies, in the C1 

Fig. 3. Selected filled-state topographs from a series of STM images of the Si(l00)-2x 1 :D surface after 
120 s of D, desorption at 71 0 K. (A) A pair of DBs, connected by a white bar. (B) The paired DBs convert 
to a predissociated site. (C) The fluxional site dissociates into two smaller fluxional features. (D) These 
two features hop up and down along the dirner row. (E) They eventually recombine to form a large 
fluxional site. (F) Finally, the site converts back into a pair of DBs at a new dirner location. The paired DBs 
in (F) are two dimers away from their original position in (A). lmaging conditions: T, = 620 K; acquisition 
rate, 50 s per frame; image area, 25 nm by 25 nm; It = 200 PA; V,,, = - 1.66 V. Total time between 
(A) and (F) is 550 s. 
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case intradimer atom motion was influ- 
enced by the STM tip and was facilitated by 
the presence of a bridge-bonded configura- 
tion (12) (in which a C1 atom is centered 
over a Si dimer), a bonding geometry not 
available for D atoms. In agreement with 
theoretical (13) and experimental (14) 
studies, hopping is essentially confined 
along the dimer row direction, but limited 
hopping events between rows have been 
observed. There is no evidence for long 
hops encompassing more than a single 
dimer site. -In instances where such hops 
were recorded between consecutive images, 
the hopping rates were such that sequential 
events were statistically probable. Under 
the present conditions, only unpaired DB 
sites were observed to hop. However, at 
high temperatures, dissociation and recom- 
bination occur rapidly, resulting in the ap- 
parent concerted motion of paired DB sites. 
This motion is demonstrated by the shifting 
positions of paired DB sites (for example, 

the paired DB site on the line) in the image 
sequence in Fig. 5. Apparent motion of 
paired DBs is also observed at location Z 
(following DB recombination in Fig 5A). 
At location X, a paired DB site dissociates 
and subsequently recombines, whereas at Y, 
an unpaired DB collides with a paired DB 
site, resulting in DB exchange. At location 
W, two unpaired DBs recombine across a 
missing-dimer defect and subsequently tra- 
verse the defect. Although DB motion 
across defects is frequently observed, DBs 
rarely diffuse away from defects; dimers at 
the edge of missing-dimer defects apparent- 
ly serve as preferred sites for DBs. 

The apparent concerted motion of 
paired DB sites shown in Fig. 5 suggests that 
there is an attractive interaction between 
individual DBs. This behavior is not unex- 
pected, because it is well established that 
DBs on the same dimer are stabilized by a 
weak IT interaction (1 0,  1 1 ). This type of 
interaction, however, may also stabilize DBs 
in other configurations. Recent calculations 
(10) and STM studies involving halogen 
dissociation (15) indicate the ~reience of a . . 
stabilizing interaction between unpaired 
DBs on adjacent dimers that are located on 
the same side of the dimer row. This DB 
configuration also stabilizes C defects on 
clean Si(100)-2x1 and is identical to the 
predissociated DB configuration (1 6) (Fig. 
4, row B). Although the DB separation in 
this case is larger than that for DBs on the 
same dimer (0.38 versus 0.23 nm), the over- 
lap is significant because the DBs are par- 
allel and not directed awav from each other 

Fig. 4. Ball-and-stick model of the Si(l00)-2x1 :D (1 7). 
surface. The DBs are shown as white spheres, but Other. even more seDarated DB confie- 
D (one D atom forevel~ surface Si atom not .rations also appear t i  be stable. In tCe 
bearing a DB) have been omitted for clarity. Paired first of a series of four images recorded at 
DBs are shown in rows A, C, and D; unpaired DBs TS = 620 (Fig. 6A), two unpaired DBs are shown in the same rows. Two possible DB 
configurations are indicated for the predissociated are identified that are located On 

DB configuration in row B. Unpaired DBs interact- rows. One these DBs appears 
ing across a dirner row are shown for DBs that are be pinned, presumably because of the Pres- 
positioned directly opposite (rows C and D) and ence of a missing-dimer defect in the ad- 
staggered (rows D and E). jacent row. The second DB, although free 

Fig. 5. Selected filled-state 
topographs of the Si(100)- 
2x 1 :D surface. Images are 
of the same surface shown 
in Fig. 2. Most DBs in this 
sequence undergo change: 
one paired DB site [on the 
line in (A)] appears to hop 
two dirners away in (B) and 
then return in (C); a second 
paired DB site at lower right 
in (B) appears to have 
moved one dimer in (C). 
Sites W and Z show DB re- 
combination: site X shows 
dissociation in (B) and recombination in (C); paired DB site at Y becomes fluxional in (C) after interacting 
with an unpaired DB. Imaging conditions: T, = 670 K ;  acquisition rate, 30 s per frame; image area, 17 
nm by 7.6 nm; It = 200 PA; V,,, = -1.66 V. 

to move, is significantly less mobile than 
other isolated DBs shown in this series 
(Fig. 6). Presumably, this DB is stabilized 
by an interaction across the dimer row 
with the first DB. These two DBs appear 
to maintain a staggered configuration 
throughout. In other images, DBs on 
neighboring rows remote from the influ- 
ence of defects align on adjacent dimers 
and remain immobile for many minutes. 
Long-range interactions of this type are 
probably the result of either through-space 
DB interactions or lattice strain. The lat- 
ter may result from strain introduced by 
the presence of buckled dimers with un- 
paired DBs on a surface that consists pre- 
dominantly of symmetric dimers. The free- 
electron density associated with the sym- 
metric dimer structure of the monohydride 

Fig. 6. Four images from a series of filled-state 
STM topographs of the Si(100)-2 x 1 :D surface 
that span a 7-min period. Unpaired DBs diffuse 
along dimer rows, but the indicated DBs interact- 
ing across a dimer row [indicated with an arrow in 
(A)] show significantly reduced motion. Imaging 
conditions: T, = 620 K ;  acquisition rate, 52 s per 
frame; image area, 11 nm by 22 nm; It = 200 PA; 
VSamp = + 1.40 V. 
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surface is low (7), so that strain fields 
introduced bv unoaired DBs lnav not be , L 

effectively screened. 
The DR diffusional dvnamics reoorted 

here has important implications for sLrface 
processes and, in particular, materials 
growth. It demonstrates that at low temper- 
atures, because of an attractive interaction. 
a majority of DB sites are likely to be paired 
and hence available for dissociative chemi- 
sorption and further growth. Had it been 
otherwise. growth would necessarilv be- " 

come a trimolecular process involving two 
uncorrelated surface DBs and an incident 
precursor inalecule. At higher tempera- 
tures, entropj. drives DBs to unpair, and DB 
diffusion becomes increasingly random. 
However, the number of DR sites is corre- 
spondingly larger (because of desorption), 
so that a statistically significant fraction of 
sites is present in a configuration that favors 
growth. Although the present study in- 
volves the Si(100) surface, these same ar- 
guments may well apply to a variety of 
systems, particularly if through-space DB 
interactions prove to be the origin of these 
local correlations. 
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Triblock Copolymer Syntheses of Mesoporous 
Silica with Periodic 50 to 300 Angstrom Pores 

Dongyuan Zhao, Jianglin Feng, Qisheng Huo, 
Nicholas Melosh, Glenn H. Fredrickson, Bradley F. Chmelka,* 

Galen D. Stucky* 

Use of amphiphilic triblock copolymers to direct the organization of polymerizing silica 
species has resulted in the preparation of well-ordered hexagonal mesoporous silica 
structures (SBA-15) with uniform pore sizes up to approximately 300 angstroms. The 
SBA-15 materials are synthesized in acidic media to produce highly ordered, two- 
dimensional hexagonal (space group p6mm) silica-block copolymer mesophases. Cal- 
cination at 500°C gives porous structures with unusually large interlattice d spacings of 
74.5 to 320 angstroms between the (100) planes, pore sizes from 46 to 300 angstroms, 
pore volume fractions up to 0.85, and silica wall thicknesses of 31 to 64 angstroms. 
SBA-15 can be readily prepared over a wide range of uniform pore sizes and pore wall 
thicknesses at low temperature (35" to 80°C), using a variety of poly(alky1ene oxide) 
triblock copolymers and by the addition of cosolvent organic molecules. The block 
copolymer species can be recovered for reuse by solvent extraction with ethanol or 
removed by heating at 140°C for 3 hours, in both cases, yielding a product that is 
thermally stable in boiling water. 

Large oore-size molecular sieves are much - 
in deinand for reactions or separations in- 
volving large molecules ( 1 , 2). Since meso- 
porous lnolecular sieves such as hexagonally 
ordered MCM-41 were discovered by Mobil 
Corporation scientists in 1992 (3, 4) ,  sur- 
factant-temolated svnthetic orocedures 
have been e'xtended t; include a k d e  range 
of comoositions, and a varietv of conditions 
have 6een developed for ;xploiting the 
structure-directing f~~nctions of electrostat- " 

ic, hydrogen-bonding, and van der Waals 
interactions associated with amoh~oh~lic 

A 

inolecules (5-16). Typically, these materi- 
als are svnthesized under conditions where 
silica-suifactant self-assembly (1 6)  occurs 
simultaneouslv with condensation of the 
inorganic species, yielding rnesoscopically 
ordered coinoosites. For examole, MCM-41 
materials prepared with cationic cetyltri- 

D. Zhao, Q. HLIO, G. D. S t ~ ~ c k y ,  Depariment of Chemistry 
and Materials Research Laboratory, Universty of Cafor- 
nia, Santa Barbara, CA 93106, USA. 

methylammonium (CTA+) surfactants 
~o~nmonly  have d(100) spacings of about 40 
A, which after calcination yield a hexago- 
nally ordered porous golid with uniform 
pore sizes of 20 to 30 A (5-9, 12). Cosol- 
vent organic molecules, such as 1,3,5-tri- 
methylbenzene (TMB) used to expand the 
pore size of MCM-41 up to 100 A (3, 4) ,  
unfortunately yield materials with less-re- 
solved x-ray diffraction (XRD) patterns, 
particularly near the high end of this size 
range, for which a single broad diffraction 
peak is often observed (9). Extended ther- 
mal treatment during synthesis gives ex- 
panded pore sizes up to -50 A (17). We 
have used postsynthesis treatment, by sub- 
sequently heating the product obtained 
from an alkaline S + I  synthesis at room 
temperature in distilled water at pH =o 7, to 
obtain pore sizes as large as -60 A (9) 
without the need for organic swelling 
agents. Using CTA+ surfactant species in 
an L, soonge ohase, McGrath e t  al. ( Id)  , .  - .  

J. Feng, Depariment of Chemstry and Center for QLlan- created siliceous solids with large, uniform, 
tzed Electronc Structures, Unversity of California, Santa 
Barbara. CA 931 06, USA. but disordered pore assemblies. Pinnavaia 
N. Melosh, G. H. Fredrickson, B. F. Chmeka, Materials and co-workers (1 1) used nonionic surfac- 
Research Laboratory and Department of Chemical Eng- cants in neutral media to 
rieerlng, University of California, Santa Barbara, CA 
n?,d,,n , , - A  worm-like disordered mesooorous silica 
Y J  IUD, UhH. 
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with uniform pore sizes of 26 to 58 A. To 
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